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Abstract
Tailoring Interfacial Performance of UHMW PE Fiber Composites Via Covalent Bonding Assisted
by Plasma Surface Treatments
Jacqueline Hee Jung Yim
Advisor: Giuseppe R. Palmese, Ph.D. and Co-advisor: Alexander Fridman, Ph.D.
Fiber-reinforced polymer composites are lightweight materials that can possess excellent mechanical
properties. As a result, these materials can be found in many applications where these properties
are of importance. Composite mechanical behavior, like strength and fracture toughness, is known
to be dependent on the fiber-matrix interface. Composites made with ultra-high molecular weight
polyethylene (UHMW PE) fibers and thermosetting matrices like epoxies have shown poor interfacial
performance. This is a result of poor adhesion attributed to the chemical inertness, poor wettability
and low surface energy of the fiber. Surface treatments employed through the use of non-thermal
plasmas have provided the means of overcoming these limitations by increasing chemical and physical
interactions of the fiber to the matrix. However, the relative importance that physical and chemical
interactions have for improving interfacial performance has to this point not been clear.
The focus of this dissertation is to gain a better understanding of how surface characteristics
chemical and physical of the fiber govern the interfacial properties at the fiber-matrix interface.
Atmospheric pressure non-thermal plasma surface treatments were implemented to functionalize the
surface of UHMW PE. Conventionally, low pressure plasma systems have been utilized for surface
treatments; however, atmospheric pressure systems have proven to be a viable alternative. The
effectiveness of the plasma treatments were evaluated using various surface analytical techniques such
as SEM, ATR-FTIR, XPS, AFM, contact angle, and titrations. Chemical and physical characteristics
of the fiber were correlated to interfacial properties measured using the single fiber microdroplet test.
Observations strongly substantiate that covalent bonding is the dominant contributing factor for
observed improvements of interfacial properties. This was further supported by results of grafting
studies designed to control reactivity and reactive site surface concentration. Overall, this work has
shown that covalent bonding is the governing factor controlling interfacial behavior in UHMW PE
fiber- epoxy composites and that it can be used effectively to tailor performance.

1Chapter 1: INTRODUCTION AND BACKGROUND
1.1 Motivation and Scope
High performance polymer composites consist of high strength and modulus reinforcing fibers
incorporated in a thermosetting polymer matrix. Typical fiber reinforcements include carbon, aramid,
glass, and ultra-high molecular weight polyethylene (UHMW PE) fibers. Embedding these fibers into
resin systems such as epoxies results in composites with enhanced strength, toughness, load transfer,
and energy absorption characteristics. These mechanical responses exhibited in fiber-reinforced
polymer composites are largely governed by the interactions at the fiber-matrix interface. However,
these mechanical properties are not fully realized as the main locus of failure in fiber-reinforced
composites is at the fiber-matrix interface due to poor adhesion.
To improve the adhesion at the fiber-matrix interface, surface treatments have been used to
”activate” the fiber surface by introducing functional groups or promoting surface roughening. The
use of non-thermal plasmas has proved to be effective in generating a wide distribution of polar
functional groups on the surfaces of polymers while maintaining the material’s bulk properties. It also
provides a more controlled means of functionalizing the surfaces. Substantial work has already shown
the application of plasma surface treatments in improving adhesion for composite applications and it
is widely acknowledged that both covalent bonding and mechanical interlocking attribute to increased
adhesion. However, the relative contributions of covalent bonding and mechanical interlocking to
interfacial properties are still unclear as there have been no such studies that have been able to
separate the two effects. We believe that distinguishing these adhesion-promoting mechanisms can
prove valuable in tailoring specific mechanical properties in fiber-reinforced composites.
The motivation of this dissertation is to improve and tailor adhesion at the fiber-matrix interface
through chemical bonding in order to achieve desirable interfacial properties in fiber-reinforced
polymer composites. We envision that chemical bonding can be manipulated by incorporating
specific functional groups on the fiber surface and by varying the concentration of reactive sites
2available through the use of plasma surface treatments. To substantiate this proposed concept,
several objectives have been established.
1.2 Research Objectives and Specific Aims
Based on an extensive literature survey, a clear distinction and fundamental understanding of the role
that chemical bonding and mechanical interlocking play in the improved properties at the fiber-matrix
interface has yet to be established. Hence, the main obective of this research in to elucidate these grey
areas in order to better understand the relation between surface properties and interfacial properties
in composites. To satisfy this objective, the 3 specific aims have been established:
Aim #1: Characterization and Diagnostics of DBD plasma reactor. It is imperative to
thoroughly characterize the electrical characteristics of the plasma reactor and power supply in order
to fully understand the capabilities associated with the system. Parameters such as peak voltage,
pulse duration, pulse rise time, repetition rate, and duty cycle are important considerations that can
provide insight into the physics of the plasma. In addition, the plasma itself needs to be characterized
in order to understand the chemical and physical processes that lead to the modification of a surface
when in contact with the plasma.
Aim #2: Plasma Surface Treatments. Plasma treatments were performed on ultra-high
molecular weight polyethylene (UHMW PE) films and fiber because of its simple chemical structure
consisting of straight carbon-hydrogen chains, thus allowing distinct changes in the surface composition
to be monitored. In order to understand the mechanisms associated with adhesion at the interface, a
thorough analysis of surface properties, both chemical and physical is imperative. Surface probing
techniques such as X-Ray Photoelectron Spectroscopy (XPS), attenuated total reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR), scanning electron microscopy (SEM), atomic force
microscopy (AFM) and titrations were implemented for qualitative and quantitative measurements
of UHMW PE surface composition and morphology.
Aim #3: Interfacial Studies of UHMW PE Fiber/Epoxy Interface. Interfacial properties
were measured in terms of interfacial shear strength (IFSS) and energy absorption (EA). A single
fiber microdroplet pull-out test was implemented to observe the changes in interfacial properties
3exhibited at the plasma-modified fiber/epoxy interface and ultimately correlate interfacial properties
covalent bonding and mechanical interlocking. In addition plasma treatments, grafting chemistries
were explored to affix specific functional groups that react more readily with the matrix to the surface.
This approach will add validity to whether adhesion can be tailored purely through covalent bonding.
These twice-functionalized surfaces were tested using the single fiber microdroplet pull-out test and
groups were quantified through analytical methods.
1.3 Background
This section provides a background of fundamental concepts regarding fiber-reinforced polymer
composites with an emphasis on the fiber-matrix interface and adhesion, fiber surface modification,
plasma surface treatment and micromechanical test methods used to characterize interfacial properties.
Firstly, the fiber-matrix interface is defined and its significance to composite performance is discussed.
Secondly, different adhesion theories used to explain different bonding mechanisms in fiber-reinforced
polymer composites are discussed. Thirdly, a brief literature review is given on the various techniques
used in the surface modification of fibers with a specific emphasis on plasma surface treatments.
Lastly, an overview of different micromechanical test methods used to characterize the interface is
given.
1.3.1 Fiber-Matrix Interface/Interphase and Adhesion
Fiber-reinforced polymer composites typically exhibit three modes of failure: (i) cohesive failure,
where the failure occurs within the matrix, (ii) adhesive failure, where the failure occurs at the
fiber-matrix interface and (iii) substrate failure, where the failure occurs within the fiber. These
three failure modes are illustrated in Figure 1.1. Of these three, adhesive failure is the predominant
mode of failure that occurs in fiber-reinforced polymer composites. This is a result of poor adhesion
at the interface due to a lack of chemical and/or mechanical interaction between the fiber and the
matrix, poor wettability of the fiber to the matrix and low surface energy of the fiber compared to
that of the resin.
The interphase in fiber-reinforced polymer composites is defined as a region formed as the
4Figure 1.1: Schematic of the three failure modes associated with fiber reinforced polymer
composites: (a) cohesive failure, (b) adhesive failure, and (c) substrate failure.
5reinforcing fiber comes in contact with the matrix [1, 2]. A pictorial representation of the interface is
shown in Figure 1.2. It possesses properties different from that of the bulk matrix and fiber. Drzal
[2, 3] states that the difference in chemical and physical features of the interphase from that of the
matrix and the fiber are likely due to unreacted matrix, impurities, surface chemical groups, voids,
etc. More specifically, Schultz [4] suggested that these physical and chemical phenomena that form
the interphase consists of:
1. The orientation of chemical groups or the excess concentration of chain ends that minimizes
the free energy of the interface [5],
2. Migration of additives or low-molecular weight fraction towards the interface [6],
3. In the case of thermoplastics, the growth of a transcrystalline structure, where the substrate
acts as a nucleating site [7],
4. Formation of a pseudo-glassy region resulting from a reduction in chain mobility [8], and
5. Modified thermodynamics and/or kinetics of the polymerization or cross-linking reaction at
the interface through preferential adsorption or reaction species [5, 9]
Palmese et al. [10, 11] showed that a relationship between the interphase composition, material
properties and mechanical characteristics is present in fiber-epoxy composites. They were able to
relate the chemical composition of the interphase region to the interphase material properties and the
latter was then linked to mechanical behavior, suggesting that composite behavior can be predicted
as a function of processing conditions and the material system. The work further showed that
mechanical properties can be tailored through the interphase where residual thermal stress state
differed due to variations in the modulus in the interphase region.
Other investigations [12–17] have shown that the physicochemical properties of the interface
have a significant influence on the strength, toughness, load transfer, energy absorption, facture
and fatigue behavior, and environmental resistance. Furthermore, it can ultimately affect failure
mechanisms in composites. Figure 1.3 depicts the failure mechanisms that occur at the interface
6Figure 1.2: Schematic representation of the fiber/matrix interphase depicting the role of
physical and chemical substituents. [2]
7as the degree of adhesion is varied. By varying the degree of adhesion at the fiber-matrix interface
different mechanical properties can be imparted. For example, weak interfacial adhesion yields a
composite with low strength and stiffness, promoting fiber debonding and pull-out which translates to
higher fracture toughness and energy absorption. In the opposite case, a strong interfacial adhesion
provides load bearing, stress transfer capabilities and high strength to the composite. Hence, the
mechanical response of the composite is dictated by the interface and the interface itself is governed
by the degree of adhesion between the matrix and the fiber in addition to physicochemical processes
involved in the formation of the interface or interphase.
Tailoring the adhesion at the interface has been achieved largely through the use of surface
treatments. Surface treatments are principally applied to the reinforcing fiber to improve the
fiber-matrix interface by invoking different adhesion-promoting mechanisms. These mechanisms
have been studied and documented using adhesives, polymer-polymer, polymer-metal, and polymer-
ceramic systems. The theory behind each mechanism is presented in Section 1.3.2 and sub-sections
1.3.2.1-1.3.2.5.
1.3.2 Theories of Adhesion and Bonding Mechanisms
Different theories of adhesion dating back to the 1960s have been proposed to explain the interrela-
tionship between the adherend, the reinforcement fiber in the case of fiber-reinforced composites and
the adhesive, the matrix. Adhesion between the fiber and matrix can be attributed to a combination
of the following mechanisms [1, 18–21]:
 Adsorption and wetting. Good wetting of the fiber by the matrix during the impregnation
stages of fabrication is a prerequisite in the manufacturing of the composite material.
 Chemical bonding. Adhesion promoted through chemical reactions between the fiber and
matrix through long-range and short-range interactions. The force associated with the type of
bonds can vary the degree of adhesion.
 Mechanical adhesion. Bonding of the matrix and the fiber through mechanical interlocking
as a result of irregularities of the fiber surface.
8Figure 1.3: Illustration of three failure modes associated with increasing adhesion at fiber-
matrix interface. The drawing shows a single fiber in an epoxy matrix subject to shear causing
the fiber to fracture. Lower levels of adhesion yields frictional debonding and sliding of the
matrix in relation to the fiber; at intermediate levels, interfacial crack growth is detected; and at
higher level of adhesion the cracking of the matrix perpendicular to the fiber axis is observed. [3]
9 Interdiffusion. Formation of bonds due to the diffusion of molecules of one surface into the
other.
 Electrostatic attraction. Adhesion between the fiber and the matrix due to differences in
electrostatic charge.
These mechanisms are discussed in detail in the following sections. In general, no single theory
alone can be applied to describe the nature in which adhesion or bonding occurs.
1.3.2.1 Wetting Theory and Adsorption
Adsorption theory states that adhesion results from interatomic and intermolecular forces established
at the interface. Bonding due to short-range interactions of electrons on an atomic scale occurs only
when atoms of the constituents are in contact with one another or are within a few atomic diameters
of each other [1]. The most common interfacial forces result from van der Waals and Lewis acid-base
interactions. The magnitude of these forces can be related to thermodynamic properties such as
surface free energy. Good adhesion is assumed when there is complete wetting or spreading of the
matrix to the fiber. In order to achieve complete wetting of the fiber, the surface energy of the fiber
must be greater than that of the matrix. With organic fibers such as polyolefins, the wetting behavior
is poor as the fibers exhibit a lower surface free energy than that of resin.
Wetting is quantitatively expressed in terms of the thermodynamic work of adhesion, Wa, of a
liquid to a solid through the Dupre´ equation [20],
Wa = γ1 + γ2 − γ12 (1.1)
where γ1, γ2, and γ12 is the surface free energy of the liquid, solid, and liquid-solid interfacial free
energy, respectively. In the case of a liquid drop on a solid, as shown in Figure 1.4, the Dupre´
equation can be applied to resolve the forces in the horizontal direction at which the three phases are
in contact. This yields the Young’s Equation,
γSV = γSL + γLV cosθ (1.2)
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where γSV , γSL, and γLV are the surface free energies of the solid-vapor, solid-liquid, and liquid-vapor
interfaces, respectively and θ is the contact angle. Combining Equations 1.1 and 1.2 yields the
Young-Dupre´ equation:
Wa = γLV (1 + cosθ) (1.3)
From this relationship, the values of Wa signify the energetics between the liquid and solid phases
(i.e. the higher the work of adhesion the stronger the interactions at the liquid-solid interface). This
term is determined by measuring the contact angle, θ, and the surface energy of the liquid, γLV . [22]
Figure 1.4: Contact angle, θ, and surface energies, γSV , γSL, γLV , for a liquid drop on a solid
surface.
1.3.2.2 Chemical Bonding and Intermolecular Forces
Chemical bonding is the oldest and well-known of all theories associated with adhesion. According
to this theory, optimal adhesion in which chemical bonds are formed between two materials is gained
through inter-atomic and inter-molecular interactions. In general, there are four types of chemical
interactions that constitute chemical bonding: (i) covalent bonding, (ii) hydrogen bonding, (iii)
Lifshitz-van der Waals forces, and (iv) acid-base interactions. These intermolecular and intramolecular
interactions promote adhesion however; some forces contribute more than others as a result of bond
strengths. The bond strengths of different types of bonds are presented in Table 1.1 where covalent
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and ionic bonds are the strongest with bond energies ranging from 200-940 kJ mol−1 and 500-4000
kJ mol−1, respectively.
Table 1.1: Typical bond energies associated with different types of chemical bonding. Values
vary from molecule to molecule, therefore bond energies should be taken as estimates along the
same orders of magnitude. [23]







∗ Bond energy will vary depending on intermolecular distance of atoms
Secondary (intermolecular) forces also known as van der Waal interactions contribute towards
enhancing adhesion on a global scale through short-range attractive forces between atoms, molecules,
and surfaces. Van der Waal interactions arise from dipole-induced dipole or induction forces (Debeye
force), dipole-dipole or orientation forces (Keesom force), and dispersion or London forces. These
forces differ from intramolecular interactions such as covalent and ionic bonding in that they are
caused by fluctuations in polarizations of nearby particles. Keesom forces involve interactions between
two permanent dipoles averaged over different orientations due to thermal motion of molecules. Debye
or dipole-induced dipole interactions comprise of attractive interactions between a permanent dipole
on one molecule with an induced dipole on another. London or dispersion interactions arise from
quantum-induced polarization and therefore can act between molecules without permanent moments.
Although bonds resulting from dispersion interaction are the weakest out of all bonds, they are the
strongest contribution because of the number density of interacions. Adhesion is largely dependent
on the intermolecular distances; either long-range or short-range interactions can take place at the
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interface to enhance adhesion. For long-range interactions, Lifshitz-van der Waals and Coulombic
forces dominate while for short range (< 3A˚) interactions, both molecular interactions and Lifshitz-van
der Waal forces partake to achieve adhesion.
Other than secondary forms of bonding, covalent bonds are the strongest and most durable bonds
that can form across the interface. To do so, chemical groups on the surface of the adherend must be
reactive with the adhesive.
1.3.2.3 Mechanical Theory
Adhesion achieved as a result of mechanical interactions of the fiber to the matrix is largely attributed
to mechanical interlocking, where the matrix is able to penetrate into the pores, cavities, or other
surface irregularities present on the surface of the fiber [24]. Early works by Borroff and Wake [25]
provided the basis of this theory, as they proved that the penetration depth of protruding fiber ends
in rubber was an important parameter in adhesive joints. However, this theory is not considered
universal. In most cases, the enhancement of adhesion by mechanical keying has been attributed
to the increase in interfacial area due to surface roughening. Also, different studies [26–28] have
suggested that surface roughness can increase the energy dissipated viscoelastically during failure
and this energy loss is often the major contributor of adhesional strength.
1.3.2.4 Diffusion Theory
The diffusion theory was advocated by Voyutskii [29] with his work studying adhesion between
polymer-polymer systems. His understanding of adhesion was based on the interdiffusion of chainlike
molecules across the interface, however this theory proved true only for polymers above the glass
transition temperature, Tg, where the polymer chains are mobile. The theory also states that adhesion
can be influenced by the crystallinity, molecular weight, and contact time between the adherend and
adhesive.
Applying the diffusion theory for polymer composite systems, adhesion is achieved through the
interdiffusion of atoms or molecules across the interface, giving rise to bonding between surfaces.
Wool [31] points out that adhesion promoted through interdiffusion depends on the level of molecular
entanglement, the number of molecules involved, the type of bonds established between the molecules,
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Figure 1.5: A schematic depicting the interdiffusion of a polymer matrix with a silane coupling
agent functionalized glass fiber, forming a interpenetrating network. As the matrix diffuses
through the interface. [30]
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and the chain conformation at the interface. In some case, diffusion of one constituent to the other
can be aided through the use of solvents and the amount of diffusion will depend on molecular
conformation of the constituents and the ease of molecular motion. An example, shown in Figure 1.5,
is the bonding between glass fibers and resin through silane coupling agents, where Plueddemann [32]
show that bonding can be explained by diffusion rather than chemical bonding through the formation
of an interpenetrating network (IPN). This IPN can range in thicknesses, from 50 nanometers to
10 micrometers. In general, adhesion by interdiffusion can be seen as mechanical interlocking on a
molecular scale.
1.3.2.5 Electrostatic Attraction
Adhesion by electrostatic attraction is governed by the difference in the electrostatic charge between
constituents, thus contributing to attractive bonding. This mechanism involves the transfer of
electrons, which induces the formation of a layer comprised of electrostatic charges at the interface.
The strength of the interface will depend on the charge density created at the interface. This type
of bonding is an unlikely contributor to the final bond strength at the interface however, it aids in
adhesion-promoting mechanisms.
In general, no single theory alone can be applied to describe the nature in which adhesion
occurs. Of the 5 mechanisms presented, engineering of the fiber-matrix interface has generally been
achieved through chemical and mechanical means to promote adhesion. Different surface treatment
methods and chemistries have been used to do this. The next section provides an overview of
different treatments used with an emphasis on one particular technique used to modify the surfaces
of polymers.
1.3.3 Plasma Surface Treatments
Polymers are economical commodities that possess excellent bulk properties however; the inert nature
of many polymers poses challenges in the manufacturing or processing of multifunctional materials.
Consequently, surface modification processes have been used to alter the surface properties of the
material without altering the properties of the bulk. Historically, surface treatments have been
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comprised of wet-oxidative methods such as acid etching [33] and electrochemical methods [34? –36],
flame treatment [37? ], coupling chemistries [30, 32, 38], sizing [39, 40], plasma treatments [41–46],
and UV irradiation treatments [47–49]. These methods all prove effective in yielding polymers with
improved wettability, dyeability, biocompatibility, bonding, and in some cases hydrophobicity however,
some methods have higher merits over others in terms of through-put and their ability to generate
specific chemical functionalities. Specifically, plasma treatments have gained considerable attention
owing to the following advantages over other physical and chemical based surface modification
techniques:
 Modification of the surface is confined to the surface layer without modifying the bulk properties
of the polymer. The depth of modification typically ranges from several hundreds of angstrom
to a few microns.
 Excited species in the plasma gas can modify the surfaces of polymers regardless of structure
and chemical reactivity.
 The use of plasma avoids problems encountered with wet chemical methods such as handling
of chemicals, waste disposal, residual solvent on the surface and swelling of the substrate.
 The modification process is relatively uniform over the entire surface.
 Surface chemistry can be controlled and tuned based on selection of gas medium, electrical
characteristics of the plasma, and exposure to plasma.
 High throughput as modification processes can be achieved on the time scale of seconds.
Plasma is an ionized gas that consists of many species: electrons, ions, photons, UV radiation
and neutral species that are chemically reactive (e.g. radicals) or in an excited state (vibrationally
and electronically excited molecules and atoms). Depending on the temperature of the electrons
with respect to charged and neutrals species, plasmas are classified as either equilibrium (thermal)
or non-equilibrium (non-thermal). Non-equilibrium plasmas are characterized as having electron
temperature, Te, (1-10 eV) significantly higher than that of ions and neutral species (0.03-0.1 eV),
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resulting in a ’cold’ non-thermal plasma [50]. Non-thermal plasma sources are used frequently in
manufacturing and processing of materials and their use has contributed significantly to producing
advanced materials.
In general, plasma is generated by applying a high electric field to a gas. In the electric field, the
existing free electrons gain kinetic energy as they are accelerated by the field towards the anode. As
an electron travels towards the anode, it will collide with gas particles and if the electron has sufficient
energy it will ionize the atom or molecule producing a positive ion and an additional electron. The
two electrons are then accelerated and can ionize other particles. This process is repeated and if
the multiplication of electrons exceeds all losses then the plasma density will geometrically increase
creating an electron avalanche [51, 52]. A visual representation of this process is shown in Figure
1.6. The formation of an avalanche is the initial step in the evolution of microdischarges that make
up the plasma. Chirokov et al. [53] provides a detailed discussion regarding the physics behind the
avalanche-to-streamer transition and the formation of streamers or microdischarges.
Different techniques have been used in order to sustain discharges in a given system and this is
what differentiates one plasma discharge from another. In the case of DBDs, the sustainability of
microdischarges has been achieved through the use of high frequency pulses, alternating polarity
and the incorporation of a dielectric barrier material. The formation of streamers result from the
so-called memory effect, where microdischarges can reignite from channel streamers that have been
previously created due to charge build-up on the dielectric material as well as residual charges and
excited species in the discharge [54]. However, the accumulation of charges (from electrons and heavy,
slow drifting ions that remain in the discharge gap for microseconds) on the dielectric prevents the
formation of new avalanches. To keep this from occurring, reversing the voltage polarity is required
in order to facilitate the formation of new avalanches and streamers in the same location.
The outcome of plasma surface treatments can vary based on the characteristics of the plasma
source as noted before. The behavior of the plasma can be affected by the power source, the
configuration of the plasma setup, the materials used for the electrodes and dielectric, pressure, gas,
gas flow-rate, and the interelectrode gap just to name a few. In the past century, various plasma
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Figure 1.6: The evolution of an electron avalanche in an applied electric field, E, created
between two plates. The arrows from the cathode indicate the direction of the avalanche growth
and the flow of energetic electrons towards the anode. This is the onset of streamer propagation
as additional avalanches are created in the process.
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systems coupled with RF, DC, AC, or microwave powers sources such as inductively-coupled plasmas
(ICP), capacitively-coupled RF plasmas (CCP), microwave plasmas, corona discharges, glow discharges,
dielectric barrier discharges (DBD) were developed to meet the needs of specific applications. In the
area of polymer processing, non-thermal plasmas, specifically glow discharges, corona and dielectric
barrier discharges have been used frequently for the purposes of modifying surfaces, initiating
polymerization reactions, etching/ablation, and deposition of coatings. In particular, low-pressure
glow and corona treatments of polyolefins, fluoropolymers, and other polymeric systems have been
studied extensively and cited in literature [46, 50, 55, 56].
Plasma treatments of polymers have traditionally been carried out using low-pressure plasma
systems, however because of constraints associated with these systems such as costly vacuum systems
and limitations imposed by the size of substrates used many have turned to atmospheric pressure
plasmas. Atmospheric pressure plasma overcomes many inadequacies associated with vacuum systems
and they are just as effective and are more economical. Table 1.2 provides general characteristics
associated with DBD, atmospheric pressure plasma and low-pressure glow discharges. However,
switching from low-pressure to atmospheric conditions has its drawbacks. Operating at higher
pressures (760 Torr and higher) the discharge transitions from a glow to filamentary mode. As a
result changes in the physics of the plasma are incurred that can affect the chemical processes taking
place in the plasma and at the plasma-surface interface. Higher gas pressures result in a shorter
mean free path, typically < 1µm between electrons and heavy particles (compared to the Debye
length), thus making the plasma collision dominated. Consequently, breakdown voltage ranging in
the kilovolts is required.
The switch from glow to filamentary discharge has been noted to affect the uniformity of surface
treatments and the overall surface treatment of polypropylene as reported by Massines and co-workers
[57–59]. They noted 3 main differences associated with the plasma treatment of polypropylene by
a helium glow discharge and air filamentary discharge. The first difference lies in the mechanism
in which electrons proliferate; where the increase in the number of elections in air filamentary
discharge is largely due to ionization as the electrical power is dissipated in the gas bulk while in glow
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Table 1.2: A comparison of general characteristics of dielectric barrier discharge (atmospheric
pressure plasma) and low-pressure RF discharges. [46]
Characteristics Dielectric Barrier Discharge (DBD) Low-Pressure RF Discharges
Duration 1-10 ns Permanent
Filament radius 0.1 mm –
Peak current 0.1 A –
Current Density 100-1000 A/cm2 –
Pressure Range Usually 1 atm 10-1000 mTorr
Electron Density 1014-1015 cm−3 109-1010 cm−3
Electron Energy 1-10 eV 0.5-20 eV
Gas Temperature Close to ambient Close to ambient
Frequency 10 kHz - 10 MHz 40 kHz - 100 MHz
Plasma Sheath potential – 20 V
discharge, secondary cathode emission is the dominant phenomenon as the power is dissipated in the
cathode. Secondly, the charge density differed as glow discharge has a higher charge density (4x1014
charges/m2) compared to the filamentary discharge (3x108 charges/m2). Lastly, plasma-surface
interactions differ where with filamentary discharge portion of the surface is bombarded by the
electrons or ions, neutral excited particles and UV, while the other part of the surface only interacts
with neutral species or UV. With glow discharge, the active species created in the plasma, the
metastable and radicals are uniformly distributed along the surface, hence the difference in treatment
that was observed.
The surface modification of polymers is governed by many different processes that take place
in the plasma. Plasma-surface interactions have been studied extensively in low-pressure systems
and are well-established. These interactions hold true for treatments carried out at atmospheric
conditions. Plasma interactions with the polymer surface are mainly driven by excited species,
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ions as well as UV, typically through free radical chemistry [43, 60, 61]. Four main plasma-surface
interactions associated with polymer systems [43, 62, 63] are:
 Surface cleaning or removal of organic contamination;
 Ablation or etching of the surface, which aids in removing the weak boundary layer and increases
surface area. Ablation of materials by plasma occurs via physical sputtering and chemical
etching. Sputtering is associated with non-reactive, or inert plasma (e.g. Ar, He, etc.) whereas
chemical etching occurs in chemically reactive plasmas (e.g. O2, N2);
 Crosslinking via activated species of inert gases (CASING) or branching of near-surface molecules
which can cohesively strength the surface layer. CASING occurs at the polymer surfaces when
exposed to noble gas plasmas, which are effective at creating free radicals but do not add new
chemical functionalities in the gas phase. Ion bombardment or UV photons can invoke chain
scissioning and hydroxyl abstraction and the free radicals can react with other surface radicals
or with other chains through chain-transfer reactions. If the polymer chain is flexible or if the
radical can migrate along the chain, recombination, unsaturation, branching or crosslinking
can occur;
 Modification of the chemical structure or functionalization to where new chemical groups are
formed.
Several considerations such as the type of polymer, the gas chemistry, the plasma reactor and
operating parameters can favor one process over others. In many recorded accounts of plasma
surface treatment, the aforementioned plasma-surface interactions are synergistic where etching and
functionalization are commonly observed. These plasma-surface processes are inherently governed by
elementary electron-impact processes and reactions between the gas species with the substrate that
occur in the plasma. These processes are illustrated in Figure 1.7 and include ionization, dissociation,
excitation, electron-ion recombination, attachment, along with heavy species reactions in the gas
phase that result in neutral chemistry, charge exchange, ion-ion neutralization, reaction of gas phase
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species with species on the surface and reactions between surface species. Dorai and Kushner [64]
provide details regarding reaction mechanisms and kinetics associated with these processes.
There are published works detailing the use of plasma surface treatments towards improving
interfacial properties in fiber-based polymer composites. In general, work entailed in these studies
comprised of using different low-pressure plasmas and different treatment parameters such as plasma
gas, power density, gas flow-and exposure times. The use of atmospheric pressure plasmas has
emerged over several years, and studies using these plasmas have contributed significantly in the
field of surface treatments. A literature survey of plasma-treated polyethylene fibers show that a
wide variety of plasmas, N2 [65–69], NH3 [65, 70], O2 [41, 69–72], Ar [73–75], He [76], air [77, 78] and
mixture of gases [79, 80] have been used to increase the interfacial and interlaminar shear strength
and energy absorption in composites.
Work done by Woods and Ward [41] and similarly by many others compared UHMW PE fibers
treated with oxygen and nitrogen plasma with respect to different treatment times. Wood and
Ward reported a 60-90% increase in ILSS where oxygen treatments yielded higher values of strength
over nitrogen treatments. They proposed that the increase in ILSS was attributed to mechanical
interlocking based on SEM micrographs displaying micropits and etched surfaces, increased surface
area, and chemical bonding of the oxidized surface to the matrix. A trade-off in mechanical properties
was seen where longer exposure of 10 minutes to O2 plasma reduced the tensile strength of the fiber.
Studies such as these demonstrate the variations in surface treatment due to different treatment
conditions and the importance that these parameters play in the overall surface treatment of UHMW
PE.
The mechanisms of chemical bonding and mechanical interlocking have been long associated
with improved interfacial strength as cited by many. These are coherent conclusions that have
been made based on uptake of certain functional groups and surface roughening. Techniques such
as X-ray Photoelectron Spectroscopy (XPS), Fourier Transform Infrared Spectrscopy (FTIR) and
Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) have been used to quantify surface
groups and correlate relative concentration to trends observed from mechanical testing whereas surface
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Figure 1.7: Depiction of plasma-surface interactions with a substrate. Electrons, ions and
neutral species partake and assist in elementary plasma chemistry processes such as ionization,
recombination, dissociation, and ion-molecular reactions.
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roughness and texturing have been assessed by Scanning Electron Microscopy (SEM) and Atomic
Force Microscopy (AFM). However, a comprehensive methodology of decoupling these dominant
interactions has yet to be established. The efforts of Ogawa et al. [81] to separate the contributions of
chemical bonding from surface roughening was largely done through a multivariate regression analysis
of functional group to IFSS, which later was modified to incorporate the effects of surface roughness.
This method provided good estimates relating IFSS to surface groups and surface roughness however,
the results of the method were found to complement only two experimental points. Hence further work
and investigations are needed to correlate surface properties to interfacial properties in composites
and to distiguish chemical contributions from physical contributions of adhesion. With regards
to plasma surface treatments, the use of atmospheric pressure plasma is fairly new compared to
low-pressure systems. Through this work, we hope to contribute towards this new and developing
field with our findings.
1.3.4 Micromechanical Testing of Interfacial Properties
Mechanical testing of the interface can be divided into two categories according to their scale -
micromechanical test and macromechanical test. Macromechanical tests generally provide information
regarding the performance of the composite however, due to complex and undefined stress states
in the composite it is difficult to isolate and interpret the effects of the interface and relate tested
properties to the interface. With micromechanical tests, the advantage lies in the simplification of the
stress state in the composite and these tests provide direct measurements of the interfacial properties.
Several techniques such as the fiber push-out, fiber pull-out, and single fiber fragmentation (Figure
1.8) have been developed to correlate mechanical properties to the interface but each of these methods
suffers from inherent problems that limit its applicability as a universal test method. Herrera-Franco
and Drzal [82] provide a thorough review of various micromechanical test methods that have been
used to characterize the fiber-matrix interface while highlighting the advantages and disadvantages
associated with each test.
Single fiber fragmentation tests were developed to minimize the influence of complex stress
transfer mechanisms and to observe composites containing a single fiber [83]. Among other test
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Figure 1.8: Examples of micromechanical tests used to measure properties at the interface.
Shown here are single fiber fragmentation, fiber pull-out, microdroplet test, and push-out test.
[82]
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methods to evaluate the interfacial properties between the fiber and matrix, the single fiber fragmen-
tation (SFF) test method is commonly used because of its simple experimental setup. The test was
developed from the early works of Kelly and Tyson [84] based on a study of brittle tungsten fibers in
a copper matrix composite. SFF test specimens are usually in the form of dog-bone shape. The test
specimen is loaded in tension in the axial direction and as the specimen is stretched, tensile load
is transferred from the matrix to the fiber through shear stress at the interface. The stress builds
up until the fiber breaks into fragments. The test continues until the load applied to the specimen
can no longer produce a high enough stress in the fiber to reach its breaking stress. This stage of
fragmentation is often referred to as mechanical saturation or the saturation state. From this test,










where lc is the critical length calculated from the measured mean fragment length lm, df is the fiber
diameter, lc/df is the critical aspect ratio, σf is the fiber fracture strength at length equal to lc and
τ is the average interfacial shear strength. However, the use of this test method is only valid when
the strain to failure of the matrix is at least three times that of the fiber and the toughness of the
matrix is suffice to avoid fiber fracture-induced failure.
Shultz and Nardin [86] verified the applicability of this technique experimentally for measuring
interfacial properties of fiber-reinforced composites where they found that the fiber-matrix shear
strength is linearly proportional to the reversible work of adhesion for a wide variety of fiber/polymer
composites. Elastic load-transfer models other than the Kelly-Tyson model such as the one developed
by Cox [87] uses an elastic shear lag analysis to predict the shear stress along the length of the
embedded fiber. The shear lag analysis assumes that the change in axial stress in the fiber is due
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solely to shear stress transferred through the interface from the matrix. Latter works [88, 89] have
applied the shear lag analysis to a three-phase (fiber, matrix, and interphase) system. Nairn [90]
provides a walkthrough of the shear lag analysis. Briefly, the shear lag analysis method originally
proposed by Cox provides a one-dimensional equation for fiber stress as:
∂2〈σf 〉
∂z2
− β2〈σf 〉 = −β2〈σfx〉 (1.6)
where 〈σf 〉 is the average axial stress in the fiber, 〈σfx〉 is the average axial stress in the corresponding
infinitely long fiber embedded in an infinitely long matrix, and β is the shear lag parameter. The
shear lag parameter according to Cox is given by







where Gm is the matrix shear modulus, Ef is the fiber axial modulus, r1 is the fiber radius, and s is
the mean center-to-center separation of fibers normal to their length.
Single fiber push-out tests involve the use of an indenter to measure the bonding and frictional
contributions of interfacial shear strength at the fiber-matrix interface. These tests were largely
designed to analyze glass and metal fibers embedded in an epoxy matrix. To successfully implement
the technique, the fiber has to be hard enough to avoid damage impinged by the indenter, typically
a diamond tip. The test method entails the use of the indenter to apply an axial compressive
loading on the fiber in order to debond the fiber and force the fiber to slide relative to the matrix.
During the test, the applied load and the displacement of the indenter tip are recorded providing a
force-displacement curve. The mechanics of the fiber push-out test is given by Liang and Hutchinson





where df is the fiber diameter, L is the thickness of the specimen and Fmax is the maximum force
measured from the force-displacement curve. Drawbacks associated with this test are that stress can
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be generated at the fiber-matrix interface during the preparation process and a high tendency for
cracking to occur of the fiber during indentation.
Single fiber pull-out tests involves embedding of a fiber vertically into a block of uncured
resin at a controlled depth and later curing the resin with the fiber in place [92]. The free fiber
end is gripped and pulled from the resin block and the load and extension are recorded. The
stress distribution along the embedded fiber length is assumed to be uniform. During fiber pull-out,
interfacial debonding occurs at the surface where the fiber enters the matrix and where the interfacial
shear stress is at a maximum. At the initial stage of debonding, the applied stress on the fiber must
overcome the bonding between the fiber and matrix. Interfacial fractional stress is often observed
at the interface due to residual stresses from gripping. As the debonding process propagates, the
debonding stress increases over the debonding length until complete debonding is reached. Interfacial
shear strength (τmax) is calculated using the ultimate pull-out force (Fu) to debond the fiber from





A review of this test method is given by DiFrancia et al. [93]. Research in the area of fiber pull-out
has considered the fracture mechanics and shear stresses of the fiber-matrix failure. There are four
stages of failure encountered in the test: (i) initial debonding, (ii) crack propagation, (iii) completion,
and (iv) fiber pull-out. Analyzing the stress transfer between the fiber and the matrix in pull-out
tests have been done using models based on the shear-lag analysis used by Greszczuk [94], Lawrence
[95], Piggott [96], Gao et al. [97], Shetty [98], Hseuh [99], and Kerans and Parthasarathy [100] in
addition to the fracture energy approach. Theoretical analyses of debonding and fiber pull-out have
been undertaken on the basis of (a) a maximum shear stress criterion such that when interfacial shear
stress exceeds the shear bond strength, complete debonding occurs [101]; and (2) fracture mechanics
where the debonded region is considered as an interfacial crack and its extension is dependent on
the energy criterion. Through a series of studies, Hsueh [102, 103] has modified the shear strength
criterion by taking into account Poissons effect and the radial dependence of the axial stress. However,
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limitations of the fiber pull-out test reside in the difficulty in sample preparation which requires a
small fiber embedded length ranging from 50-100 µm to avert fiber failure. The small fiber embedded
length is dependent on the fiber-to-matrix moduli ratio, Ef/Em. Also, measuring other interfacial
properties such as energy absorption is limited during sliding as the contact area between the fiber
and resin constantly changes during the test as the fiber is pulled out.
Microdroplet or microbond test was developed to overcome the problems associated with
conventional pull-out tests and other test methods. It is a variation of the pull-out tests designed
to facilitate sample preparation in order to measure interfacial shear strength of the fiber-matrix
interface and it provides well-defined stress states within the interface to enable the quantification of
interfacial properties. This method yields reproducible and sensitive measurements of the interfacial
shear strength and allows complete debonding and relative sliding over large distances, thus allowing
one to quantify energy absorption due to debonding and frictional sliding. The general testing
procedure is given by Miller et al. [104] and Gaur et al. [105]. A single monofilament is obtained
from the fiber tow and a resin droplet is applied. The resin droplet is cured appropriately to yield
droplets in the shape of ellipsoids. After curing, the microdroplet dimensions and fiber diameter are
measured. A microvice is positioned above the droplet and in close contact with the fiber; it grips the
droplet and moves downward at a constant rate exerting a downward force. When a critical shearing
force exceeds the interfacial bond strength, the droplet completely debonds from the fiber and is
displaced downward along the axis of the fiber. The average shear stress is calculated by dividing the
maximum measured force at debonding by the embedded fiber length area. The average shear stress
is calculated by dividing the maximum measured force at debonding by the embedded fiber length
area. Many groups [104, 106–109] have utilized the microdroplet test to study interfacial properties
in different fiber-matrix systems and efforts have been made to improve upon test measurements.
However, the test has been limited to measuring the interfacial shear strength. Recently, Gao et al.
[110] have used and modified the technique to quantify the energy absorption due to frictional sliding
within large sliding distances.
Based on the assessment of different micromechanical test methods, the microdroplet test was
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selected as the test method of choice due to its versatility and its ability to measure interfacial shear
strength and energy absorption. Through this test method, contributions to adhesion attributed
to chemical bonding and mechanical interlocking can be separated as data pertaining to interfacial
shear strength quantifies chemical interactions and energy absorption measurements can quantitate
contributions from mechanical interactions or morphological changes to the surface.
1.4 Thesis Outline
This dissertation is divided into six chapters:
Chapter 1 establishes the motivation behind this work and defines the objectives of the research.
Also included in this chapter is a background and a literature review which comprises of a com-
prehensive discussion on the importance of the fiber-matrix interface, different adhesion-promoting
mechanisms, plasma and plasma surface treatments, and mechanical tests used to characterize the
interface. The contents and deliverables of each chapter are briefly discussed.
Chapter 2 describes the microsecond-pulsed dielectric barrier discharge (DBD) plasma reactor
used to conduct surface treatment of UHMW PE films and fibers in this study. The bulk of the
chapter focuses on establishing the operating characteristics of the plasma reactor through the
use of several diagnostic techniques. These techniques and their results are discussed in detail.
This study was undertaken because the outcome of surface treatments can be directly tied to the
electrical characteristics and physics of the plasma. The end result of the work is to understand the
phenomenological processes that are associated with the plasma based on diagnostics obtained from
the DBD reactor.
Chapter 3 discusses the rationale regarding the use of different plasma treatments to modify
the surface of UHMW PE and how these treatments can enhance interfacial adhesion. Details of the
plasma treatments are provided along with the description of different experimental techniques used
to characterize the surface. These studies were performed with films substrates rather than fibers
to eliminate the complexities associated with the fiber geometry and to facilitate a fundamental
understanding of plasma-surface interactions. The changes in the surface chemistry, morphology, and
thermodynamics of the films after plasma surface treatment are presented. Drawing on observations
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of the surface chemistry and morphology, optimum plasma conditions for fiber surface treatments
were selected.
Chapter 4 provides experimental data that supports and verifies the fundamental correlation
between fiber surface properties - chemistry and morphology to interfacial properties at the fiber-
matrix interface. Also discussed is work focused on distinguishing the contribution of mechanical
interlocking from that of chemical bonding. Rather than using film substrates as done previously,
this study utilized UHMW PE in its fiber geometry in order to simulate the behavior exhibited at
the interface in composites. Surface characterization methods similar to those used in Chapter 3
to characterize the surface of films were applied to fibers and the results are presented. Interfacial
strength and energy absorption measurements were obtained from the microdroplet fiber pull-out test
while quantitative measurements of chemical groups and their corresponding surface concentrations
were obtained from XPS and acid-base titrations.
Chapter 5 presents worked tied to the findings established in the previous chapter. Results
show that the degree of adhesion at the interface can be tailored by the number of covalent bonds.
A detailed description of the grafting method used is provided in addition to techniques used to
quantify surface groups grafted onto the surfaces of plasma-treated fibers.
Chapter 6 concludes this dissertation with a summary of major findings and key contributions.
Furthermore, recommendations for future work are given.
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Chapter 2: PLASMA DIAGNOSTICS OF PLASMA APPARATUS
2.1 Introduction
In general, plasma sources vary from one apparatus to another and as a result, all systems operate
differently and can yield different results when compared to one another. Therefore, it is necessary
to characterize a plasma system and the plasma thoroughly in order to understand and identify
attributes associated with the specific plasma.
Surface treatments were performed using a non-thermal atmospheric pressure plasma, more
specifically a dielectric barrier discharge (DBD). This reactor is illustrated in Figure 2.1. The reactor
consists of two main components, the plasma chamber and the high-voltage microsecond-pulse power
supply. The plasma chamber is comprised of two 6”×6”×1” stainless steel electrodes which act as the
cathode and anode and a 7”×7”×0.4” quartz dielectric. The side walls of the chamber are designed
in such a way to direct the flow of gas from one side of the reactor to the other. Spacers were used
to create an interelectrode gap of 2 mm between the ground electrode and the high voltage electrode.
The details of the reaction chamber are given in [1].
2.2 Experimental
2.2.1 Electrical Characterization
Voltage and current measurements were acquired using a high-speed oscilloscope at 1 GS/s (Giga
samples per second) sampling rate, equipped with a high voltage probe (100 MHz bandwidth) and a
current probe (100 MHz bandwidth). From voltage-current (V-I) profiles, electrical characteristics such
as instantaneous and average power, power density, frequency, and pulse-duration were determined.
2.2.2 Optical Emission Spectroscopy
Excited species in nitrogen and oxygen plasmas were identified using an optical emission spectrometer,
an Acton Research SpectraPro 500i scanning monochromator equipped with a Roper Scientific CCD
camera. Emission from the discharge was focused into the entrance slit of the spectrometer using
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Figure 2.1: Schematic (top) and pictorial (bottom) representation of the dielectric barrier
discharge (DBD) plasma reactor. Shown here are the (i) plasma chamber, (ii) high-voltage
microsecond-pulse power supply, and (iii) gas flow-controller.
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a fiber optic while the CCD mounted onto the exit slit obtained digitally acquired spectra at a
resolution of approximately 0.6 nm. The temperature of the CCD camera was set at -25◦C for all
acquisitions. Optical emission spectra (OES) of the plasma were taken at a range of 200-1200 nm.
Background noise was obtained as the plasma was off and subtracted and a low pressure mercury
lamp was used to determine the slit function and to calibrate the spectrometer.
2.2.3 Plasma Temperatue Measurements
Vibrational and rotational temperatures, taken to be the electron and gas temperature, respectively,
were determined by fitting experimental data, optical emission spectra, with that of a simulation
model SPECAIR [2, 3]. SPECAIR is a program that can simulate the emission spectra of plasma
in the ultra-violet (UV), visible, and near-infrared (NIR) ranges. Emission spectra are a function
of temperature and the relative concentration of different molecular and atomic species within the
plasma, therefore concentration of excited species can be determined in addition to temperature
measurements.
2.3 Results and Discussion
Electrical characteristics of the plasma reactor, plasma species, and plasma temperature measurements
have been obtained using the techniques described above for nitrogen and oxygen plasma under
different gas flow-rates. Through these finding, a better understanding of the plasma is gained.
2.3.1 Plasma Electrical Characteristics
A typical voltage-current waveform recorded from the DBD reactor is shown in Figure 2.2. This
profile was obtained with oxygen and nitrogen plasma at different gas flow-rates. From the V-I
profile, the DBD system can generate peak-to-peak voltage of 15 kV at an operating frequency of
160 Hz. The duration of the entire pulse is approximately 55-60 µs while the duration of the main
pulse is 5 µs.
The current probe measured the total current which consists of conductive current (current
transferred by charged particles in the plasma) and capacitive current which is equal to capacitance
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Figure 2.2: Measured voltage (—) and current (—) waveforms of microsecond-pulse DBD
42
Figure 2.3: Calculated conductive current from V-I profiles.
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of the reactor times the derivative of voltage,




where Itotal and Iconductive are the total current and conductive current respectively, C is the
capacitance of the reactor which was measured as 151 pF, and V is the applied voltage. By measuring
total current and voltage, one is able to calculate conductive current using Equation 2.1. The result
is shown in Figure 2.3, where four distinct electrical breakdowns can be seen. Though the pulse
repetition rate was found to be 160 Hz, the discharge can be seen to ignite 640 times per second.
From acquired V-I profiles, the power dissipated in the discharge was determined by integrating
voltage times current over one whole period as shown in Figure 2.4. This was done using several
runs and different time resolutions (up to 100 ps/s). The obtained value of power density is typical
of atmospheric pressure dielectric barrier discharges. The total power consumed by the reactor was
calculated to be 14.7 Watts, giving a power density of 0.1 W/cm2. It is important to note that the
V-I profiles did not change when different flow-rates were applied.
2.3.2 Plasma Chemistry
Optical emission spectroscopy was used to identify atomic and molecular species in N2 and O2
plasmas as well as for measuring the relative concentrations of species in the plasma.Spectral data
of N2 plasma (Figure 2.5) at different flow-rates show that the predominat or brightest emission
captured is that of the molecular N2 2
nd positive electronic transition N2 (C
3Πu-B
3Πg) band and its
family of vibrational and rotational subtransitions at wavelengths of 300-400 nm, 700-800 nm, and
950-1200 nm. Table 2.1 is a list of different vibrational transitions of molecular N2 and N2 containing
groups at different wavelengths within the 200-400 nm spectral range.
The spectral data of oxygen plasma (Figure 2.6) at different gas flow-rates shows the presence
of the aforementioned 2nd positive N2 band. These bands are observed in spectra corresponding to
flow-rates of 0.01, 0.1, and 1 SLPM however, at higher flows such as 6 SLPM, the emission band is
no longer detected. The existence of molecular N2 bands in low flow-rates of O2 plasma suggests
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Figure 2.4: Plot of calculated power (—) and energy (—) associated with the microsecond-pulse
DBD
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Figure 2.5: Optical Emission Spectra of N2 plasma with gas flow-rates of (a) 0.1, (b) 1.0, and
(c) 10 SLPM.
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Table 2.1: Spectral emission lines corresponding to different vibrational transitions of molecular
N2 and N2 containing species at different wavelengths. [4]
Wavelength (nm) Excited Species Vibrational Transition
226.2 NO (A2Σ+, ν→X,ν”) (0-0)
236.2 NO (A2Σ+, ν→X,ν”) (0-1)
247.1 NO (A2Σ+, ν→X,ν”) (0-2)
258.7 NO (A2Σ+, ν→X,ν”) (0-3)
































that the chamber is not sealed and that a significant amount of air can be trapped in the chamber.
In addition to molecular N2 bands, an emission band at the 777 nm wavelength was identified as
atomic oxygen (Figure 2.7).
The intensity of the N2 bands can be taken to be directly proportional to the relative concentration
of N2 species present in the plasma. To investigate the effect of gas flow-rate on the concentration of
these species in N2 and O2 plasma, intensity measurements of molecular N2 bands at the 376 and 380
nm wavelengths were taken. In the case of N2 plasma, intensity values increased with increased N2
gas flow-rate as shown in Figure 2.8. Increasing intensities suggest that the relative concentration of
excited N2 species in the plasma increases as well. Intensity measurements of O2 plasma at increasing
flow-rates exhibit the opposite trend seen with increasing flow-rate in N2 plasma as shown in Figure
2.9. At relatively high O2 flow-rates (>1 SLPM), the existence of molecular N2 bands are no longer
detected.
2.3.3 Plasma Temperature Measurement
SPECAIR was used to determine plasma temperature parameters by comparing model optical
emissions spectra with experimental optical emission spectra. It calculates the OES by determining
the population of the upper state of atomic and molecular transitions (translational, rotational,
vibrational, electronically) as determined by the Boltzmann distribution and the specified temperature
of the internal energy mode. The modeled transition probabilities are determined based on tabulated
data sets of different transitions.
The transitions used to measure the temperatures of the plasma were the N2 2
nd positive system
(C3Πu-B
3Πg). These temperatures describe the relative population of different vibrational and
rotational levels of the C3 state of molecular nitrogen. Rotational distribution of the C3 state reflects
the rotational population of the ground state, therefore providing information on the translational
temperature of the gas. Vibrational distribution of the 2nd positive N2 system relates the interaction
between the population due to electron impact from different lower states and depopulation due to
collisional quenching and radiative processes; therefore it can be used as a quantitative indicator of
the electron temperature (Te) in the plasma.
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Figure 2.6: Optical emission spectra of O2 plasma at flow-rates of (a) 0.01, (b) 0.1, (c) 1.0
and (d) 6 SLPM.
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Figure 2.7: Optical emission spectrum of O2 plasma in the 700-800 nm range. Spectrum shows
an emission band at 777 nm representing atomic oxygen.
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Figure 2.8: Intensity measurements of molecular N2 2
nd positive bands at 376 () and 380
nm (#) as a function of gas flow-rate in N2 plasma.
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Figure 2.9: Intensity measurements of molecular N2 2
nd postive band at 376 nm () and 380
nm (#) as a function of gas flow-rates in O2 plasma.
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The accuracy of the fit was gauged by the root mean square error (RMSE) where the best fit
corresponds to a RMSE closest to zero. Figure 2.10 is an example of the measured spectra and the
corresponding best fit modeled spectra for the DBD plasma.
Rotational temperature (Trot) or the gas temperature of nitrogen and oxygen plasma at different
gas flow-rates 0.01, 0.06, 0.1, 0.6, 1, and 10 SLPM are shown Figure 2.11. These temperatures range
from 300-340K, indicating that the gas temperature of the plasma is at room temperature.
Figure 2.12 shows the vibrational temperature (Tvib) associated with N2 and O2 plasmas at
different flow-rates. Temperatures were found to range about 0.17 - 0.28 eV for O2 plasma at different
flow-rates and 0.28 - 0.32 eV for N2 plasma. These values indicate that the population of vibrational
states of atmospheric discharges yield an overpopulation of low-energy levels. Furthermore, these
measurements point out a strong dependence in the vibrational temperature to gas flow-rate is seen.
The Tvib of N2 plasma decreases with higher flow-rates while the opposite trend is seen with O2
plasma at higher gas flow-rates.
The vibrational temperatures dependence on gas flow-rate is still unclear. Based on this obser-
vation, it can be hypothesized that the gas flow-rate can influence elementary processes such as
ionization, dissociation, recombination, etc. in the plasma as the vibrational temperature is primarily
controlled by electron collisions [5, 6]. However, additional studies are needed to further understand
the reasoning behind this phenomenon.
2.4 Summary
Plasma diagnostics of the DBD plasma system verify that the plasma is indeed a weakly ionized
non-equilibrium plasma. Temperature measurements obtained from OES show a large deviation
between rotational temperature from vibrational temperature, which is characteristics of a non-
equilibrium system. Results from diagnostics also suggest that N2 and O2 plasmas differ in physics
and in chemistry and it is predicted that these differences can yield dissimilar outcomes in plasma-
surface processes. The next chapter will explore the effects of N2 and O2 plasmas through surface
functionalization processes.
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Figure 2.10: Measured spectra (—) and corresponding best fit modeled spectra (—) showing




Figure 2.11: Measured rotational temperatures of nitrogen plasma () and oxygen plasma
(#) at gas flow-rates of 0.01, 0.06, 0.1, 0.2, 0.3, 0.4, 0.6, 1.0 and 10 SLPM.
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Figure 2.12: Measured vibrational temperatures of nitrogen plasma () and oxygen plasma
(#) at gas flow-rates of 0.01, 0.06, 0.1, 0.2, 0.3, 0.4, 0.6, 1.0 and 10 SLPM.
57
List of References
[1] Robinette EJ. Toughening Vinyl Ester Matrix Composites by Tailoring Nanoscale and Mesoscale
Interfaces. PhD thesis, Drexel University, 2005.
[2] Kruger CH Laux CO, Spence TG and Zare RN. Optical diagnostics of atmospheric pressure air
plasmas. Plasma Sources Science and Technology, 12(2):125–138.
[3] Kaddouri F Lacoste DA Stancu GD, Janda M and Laux CO. Time-resolved crds measurements
of the n2 (a
3σu
+) density produced by nanosecond discharges in atmospheric pressure nitrogen
and air. The Journal of Physical Chemistry A, 114(1):201–208, 2009.
[4] Gustol A Staack D, Farouk B and Fridman A. Dc normal glow discharges in atmospheric pressure
atomic and molecular gases. Plasma Sources Science and Technology, 17(2):025013.
[5] Iza F and Hopwood JA. Rotational, vibrational, and excitation temperatures of a microwave-
frequency microplasma. Plasma Science, IEEE Transactions on, 32(2):498–504, 2004.
[6] Ono S and Teii S. Vibrational temperature axial variation and its effect on plasma parameters in
nitrogen plasma jet. Surface and Coatings Technology, 97(1-3):516–520, 1997.
58
Chapter 3: PLASMA SURFACE TREATMENTS
3.1 Introduction
Plasma surface treatments serve as the principal method of modifying the surface of UHMW PE. The
benefit of plasma treatment is its ability to functionalize the surface, where specific functional groups
can be incorporated onto the surface while the bulk remains intact. More specifically, functional
groups that can react directly with the matrix are highly desired. In this work, gases used to initiate
the plasma were nitrogen and oxygen. Nitrogen plasma was used to functionalize the surface with
amine groups (primary and secondary). The motivation for this is that with amine groups on the
surface, the adhesion between the fiber and epoxy matrix should increase as amine groups react
readily with the epoxy ring forming covalent bonds as depicted in Figure 3.1.
Figure 3.1: Reaction scheme of the ring-opening of epoxy groups by primary amines.
Oxygen plasma was used as it is effective in creating polar functionalities. Oxygen plasma has
been known to induce crosslinking of the polymer [1–3] as well as initiating oxidative processes.
Figure 3.2 is the proposed oxidative scheme that is believed to occur when UHMW PE surface is
exposed to oxygen plasma. This oxidative process yields a wide distribution of polar groups on the
surface, predominately hydroxyl, carbonyl, and carboxyls [4–6].
The oxidation process involves the sequential oxidation of the C−H bond (1a) first to hydroxyl
derivative (2), followed by carbonyl derivative (3) formation. At the next oxidation step, the C−C
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Figure 3.2: Oxidative sequence of UHWM PE in the presence of oxygen plasma. Process
proceeds through the formation firstly of hydroxyls, secondly carbonyls, and lastly carboxyls
and process repeats again. [7]
polymer backbone bond breaks to form a carboxyl moiety (4), which then oxidizes to CO2 and
terminal hydroxyl group, whereupon the oxidation cycle repeats. Thus, at any given time of the
oxidation process, all three functionalities are present on the surface of UHMW PE. The oxidative
process associated with oxygen plasma is initiated through active oxygen species, mainly atomic
oxygen with electronically and vibrationally excited atoms and ions. The initiation step involves the
reaction between the plasma and polyethylene where the backbone is directly bombarded by atomic
oxygen [8]:
RH + O −−→ R + OH (C 3.1)
Oxidation then proceeds via the following main reactions
R + O2 −−→ ROO (C 3.2)
ROO + R′ −−→ ROOH + R′ (C 3.3)
2 ROOH −−→ R−O + H2O + ROO (C 3.4)
ROOH −−→ RO + OH (C 3.5)
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RO + R′H −−→ R + R′OH (C 3.6)
RH + OH −−→ R + H2O (C 3.7)
R + O −−→ RO (C 3.8)
Depending on the conditions used such as power density, gas medium, gas flow-rate, and treatment
time, the characteristics of the surface can vary from treatment to treatment. In addition to functional
group specificity, the concentration or uptake of surface groups can be influenced as well. The
variability in surface properties after plasma treatment were assess using various characterization
efforts that include ATR-FTIR, XPS, contact angle and surface energy measurements, SEM and
AFM.
Chapter 2 provided insight as to how certain plasma parameters such as gas flow-rate and gas
medium can affect the chemistry and physics associated with the plasma. To link the effects on
chemistry related to changes in these parameters, a series of plasma surface treatments were performed
and the outcome of the treatments was characterized. In this chapter, results connecting treatment
conditions to surface properties are presented. A discussion regarding different treatment conditions
and results from extensive surface characterization are given.
3.2 Experimental
Majority of the work covered in this chapter involved conducting plasma treatments and examining
the effects of the treatment through the application of different surface characterization techniques.
An operating window of different plasma treatment conditions was evaluated to establish the breadth
of treatments and to determine optimum treatment conditions that yield specific functional groups
at specific concentrations .
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3.2.1 Materials
Ultra-high molecular weight polyethylene (UHMW PE) films (Goodfellow, thickness 75 µm) were
used to study the changes imposed on the surface from plasma treatments. Its simple geometry and
hydrocarbon structure aids in observing distinct changes in the chemical composition. Films were
washed in ethanol to remove debris or other contaminants prior to plasma exposure.
3.2.2 Plasma Treatments
Plasma treatments were conducted to modify the surfaces of UHMW PE films in which the plasma
gas medium, gas flow-rate, and plasma treatment time were varied. Table 3.1 provides a list of
different conditions applied in this study.
Table 3.1: Summary of experimental plasma treatment conditions applied to the surface
modification of UHMW PE films.
Plasma Gas Gas Flow-Rate (SLPM) Treatment Times (min)
High Purity Nitrogen, 99% 0.01-0.1 1-10
Oxygen 0.1-1.0
1.0-10.0
3.2.3 Water Contact Angle Measurements and Surface Free Energy
A KSV CAM 200 was used to obtain static contact angle measurements created at the liquid/solid
interface of plasma-treated films. A 5µL drop of water was dispensed by a microsyringe onto the film.
The drop was allowed to equilibrate prior to recording the contact angle. A total of 5 measurements
were taken using a Laplace-Young fit of the drops.
Following Fowkes [9] the total surface free energy, γtotal, across the interface for low surface energy
solids such as polymers is comprised of two components, a polar, γp, and a dispersive, γd, part as
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show in Equation 3.1.
γtotal = γd + γp (3.1)
The γd term represents dispersive or Van der Waals interactions and the γp term includes
contributions from hydrogen-bonding and dipole-dipole interactions. To obtain the total surface free
energy, the dispersive and polar surface energy terms are further analyzed and correlated to the
work of adhesion given that the solid-liquid system is in thermodynamic equilibrium. The work of
adhesion, Wa, is given by Equation 3.2.
Wa = γSV + γLV − γSL (3.2)
Wa is the energy of interaction between the solid and liquid phases per unit area and γSV , γLV , and
γSL are the surface free energy of the solid, liquid, and at the solid-liquid interface, respectively.
Young’s equation relates the surface energy, γ, and contact angle, θ, for a solid as it comes in contact
with a liquid,
γSV − γSL = γLV cos θ (3.3)
Incorporating the work of adhesion term, Equation 3.2, Equation 3.3 yields the Young-Dupre´ equation.
Wa = γLV (1 + cos θ) (3.4)
Girifalco and Good [10] proposed that the surface energy between two phases, γSL, is the geometric
mean of the surface energy of each phase, in this case the solid, γS , and liquid, γL, phases:
γSL = γS + γL − 2√γSγL (3.5)
Fowkes extended this concept further by breaking up the surface energy into the sum of two
independent terms. Combining the Good-Girifalco geometric mean equation with the Fowkes theory
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and Young’s equation yields the Young-Good-Girifalco-Fowkes equation:
γLV (1 + cos Θ) = 2
√
γdLV γSV (3.6)
where γdLV is the dispersive component. This equation describes the dispersive interactions at the
solid-liquid interface with respect to wettability (contact angle). Kaeble et. al [11] along with Owens
and Wendt [12] extended the geometric mean concept to determine both the dispersive and polar
components of the solid surface energy.









Incorporating the work of adhesion that corresponds to the interaction at the solid-liquid phase
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This relationship (Equation 3.9) when expressed in the standard slope-intercept form can be used
to evaluate individual surface energy components,γdSV and γ
p









1/2 versus (γdLV /γ
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LV )
1/2 will yield a straight line with a slope and intercept
equal to (γdSV )
1/2 and (γpSV )
1/2, respectively as shown in Figure 3.3.
The surface free energy of UHMW PE films before and after plasma treatment were determined
using the modified method described by Kaeble and Owen-Wendt that takes into account the contact
angles obtained using three probe liquids with different polarities. The probe liquids used for contact
angles were water, formamide, and methylene iodide. Table 3.2 provides values of the total surface
free energy associated with each probe liquid in addition to the polar and dispersive surface energies.
64
Figure 3.3: General illustration of the linear surface energy regression obtained from contact
angle data of various probe liquids. Each probe liquid contributes one point on the plot
accordingly to the contact angle and the surface energy associated with the probe liquid (polar,
dispersive, and total).
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A total of 5 measurements were taken with each probe liquid.
Table 3.2: Total, dispersive, and polar surface free energies of polar and non-polar probe liquids,
(1) water, (2) formamide, and (3) methylene iodide used to measure surface free energy of fiber
surface.
Liquids γtotal γd γp
mN·m−1 mN·m−1 mN·m−1
Water 72.6 21.8 50.8
Formamide 58.2 39.5 18.7
Methylene Iodide 50.8 48.5 2.3
3.2.4 Scanning Electron Microscopy
The surface morphology of plasma-treated UHMW PE films was observed using an environmental
field emission SEM (Model XL30 ESE FEG) at 5 different areas on each fiber. Fibers were fixed
onto aluminum posts using carbon tape. The magnification ranged from 2,500x to 100,000x with a
working distance that ranged from 3 mm to 9 mm. Accelerating voltages were maintained at 2 keV
or lower to avoid surface damage and charging.
3.2.5 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) was used to
identify functional groups on the surface of plasma-treated UHMW PE films. A Nicolet-Thermo 670
FTIR spectrometer equipped with a Specac Silver-Gate single reflectance zinc selenide (ZnSe) ATR
attachment was used to acquire spectra at a resolution of 4 cm−1 with a total of 32 scans.
3.2.6 X-Ray Photoelectron Spectroscopy (XPS)
A Kratos Axis Ultra 165 X-ray Photoelectron Spectroscopy (XPS) system equipped with a hemispher-
ical analyzer was used to perform near surface compositional depth profiling of the surface-modified
substrates a 100 W monochromatic Al Kα (1486.7 eV) beam irradiated a 1 mm×0.5 mm sampling
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area and the take-off angle was 90◦. Elemental high resolution scans for C1s and O1s were taken at a
pass energy of 20 eV. Deconvolution of high resolution peaks was done using the CasaXPS processing
software (Casa Software Ltd., UK). The hydrocarbon peak at 285.0 eV was used as the reference in
all C 1s curves to correct for sample charging.
3.3 Results and Discussion
The methods used to characterize UHMW PE films exposed to nitrogen and oxygen plasma surface
treatments are present in the following sections. During characterization efforts, differences and
trends as a result of administering different gas, gas flow-rates and treatment times were of interest.
Results are presented from thermodynamic, morphological, and chemical studies.
3.3.1 Surface Morphology
SEM micrographs taken of the surface of UHMW PE films before and after plasma treatments
reveal that plasma treatments impose morphological changes. SEM micrographs given in Figures
3.4-3.6 are representative of these changes on the surfaces of films after having been exposed to
N2 plasma at flow-rates of 0.1, 1 and 10 SLPM and treatment times ranging from 1-10 minutes.
Noticeable differences can be seen when comparing the surface of plasma-treated films to that of an
untreated film. The untreated film has a fairly smooth surface with little or no defects. Films that
underwent plasma treatment possess rougher surfaces due to the etching processes that occur from
ion bombardment and UV in the plasma. In addition to surface roughening, the surface morphology
was found to consist of micrometer-sized features commonly referred to as micropits in literature
[13–15]. As noted by many [15–17], the severity of the micropits and nanodepressions on the surface
is associated with the duration of the treatment, the dissipated power and plasma gas. Drawing from
their observations, Moon and co-workers [15] claimed that the size of the micropits grew with longer
plasma exposure until a threshold was reached as the cycle started to repeat itself.
From our treatments, we observe that longer treatments of up to 10 minutes tend to yield a
higher degree of degraded surfaces as more occurrences of micropits on the order of 100 nm - 4 µm in
size and rougher surfaces are observed. Examining the effects of gas flow-rate, qualitatively, there is
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no substantial difference in surface texturing when using lower or higher gas flow-rates. SEM images
of O2 treated films show the same degree of roughening and pitting.
3.3.2 Wettabiliy
The wetting behavior of UHMW PE films exposed to N2 and O2 plasma at different times and gas
flow-rates 0.1, 1.0, and 10 SLPM was characterized by static water contact angle measurements. An
untreated film exhibits a water contact angle (WCA) of 95◦. In the case with O2 plasma, a sharp
decrease in the WCA is observed within the first 30 seconds to 1 minute of treatment, a 30-50%
decrease. This drop signifies that the surface becomes hydrophilic. With longer exposure to the
plasma, a gradual drop in the WCA was observed with angles ranging from 42-55◦. This improved
wetting behavior is shown in Figure 3.7. This same trend was seen with films treated using N2
plasma.
Comparing contact angles of N2 and O2 plasma-treated samples, majority of the angles recorded
from both plasmas at different treatment times lie within the margin of error. O2 plasma treatments
prove to be more effective than N2 plasma in achieving a high level of wetting. This can be linked to
the changes that occur to the chemical structure of UHMW PE and the chemistry at the surface.
O2 as well as N2 plasmas are known to generate highly polar groups on the polymer surface, but it
maybe that the compositional distribution of these groups plays a key role. Looking at the effect of
gas flow-rates, we see evidence of variability of wettability, specifically in samples treated with O2
plasma. The decrease in contact angles or increasing hydrophilic nature of the surface treated with
N2 or O2 plasma is attributed to the addition of polar functional groups. To further understand
the changes incurred to the surface and at the liquid-solid interface, the thermodynamic work of
adhesion was used to characterize the contributions of different interactions at the molecular level.
Based on the method described in Section 3.2.3 we were able to determine the work of adhesion,
Wa. of plasma-treated films. More importantly, through Wa surface free energy can be determined.
Surface free energy is defined as the work done to create a surface of unit area. Furthermore, the
polar and dispersive contributions of surface free energy can be used to distinguish interactions that








Figure 3.4: Representative SEM micrographs of (a) an untreated UHMW PE film, and UHMW
PE films that have been exposed to N2 plasma for (b) 1 minute, (c) 3 minutes, (d) 5 minutes










Figure 3.5: Representative SEM micrographs of UHMW PE films that have been exposed to
N2 plasma at exposure times of (a) 1 minute, (b) 3 minutes, (c) 5 minutes and (d) 10 minutes.










Figure 3.6: Representative SEM micrographs of UHMW PE films that have been exposed to
N2 plasma at exposure times of (a) 1 minute, (b) 3 minutes, (c) 5 minutes and (d) 10 minutes.
(gas flow-rate = 10 SLPM).
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Figure 3.7: Static water contact angles obtained from (a) an untreated UHMW PE film and
films that have been treated with oxygen plasma with a gas flow-rate of 1 SLPM for (b) 30
seconds, (c) 1 minute, (d) 3 minutes, and (e) 5 minutes.
72
Figure 3.8: Measured water contact angles of UHMW PE films treated with N2 plasma at
flow-rate of 0.1 (#), 1 (2), and 10 (3) SLPM at various treatment times.
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Figure 3.9: Measured water contact angles of UHMW PE films treated with O2 plasma at
flow-rate of 0.1 (#), 1 (2), and 10 (3) SLPM at various treatment times.
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bonding whereas dispersive forces, γd, include van der Waal interactions. The surface energy of the
UHMW PE film was found to be 39.99 mJ·m−2, where the main contributing substituent arises
from dispersive forces with a value of 39.86 mJ·m−2 with a polar component of 0.12 mJ·m−2. After
N2 and O2 plasma treatments, a 15-25% increase in the total surface free energy of UHMW PE is
observed. Calculated values of total surface free energy (Appendix A) in addition to its corresponding
dispersive and polar components of UHMW PE films treated with N2 and O2 plasma are provided
in Figure 3.10 and Figure 3.11, respectively. This increase in total surface energy is a result of the
increase in the polar component, which was found to be an order of a magnitude higher that of
the untreated film. The increase in the polar component supports the enhanced wettability seen
through contact angle measurements. This further confirms the existence of polar functionalities on
the surface. As polar contributions increased, the dispersive contributions decreased 15-25%. This
decrease signifies the reduction in van der Waal interactions, specifically London dispersion forces,
where C-C bonds are broken due to chain scissioning by ions and UV of the polymer backbone.
From surface energy data, N2 and O2 treatments appear to impose the same changes in the
thermodynamic properties of UHMW PE. Examining the influence of gas flow-rate, in the case of
N2 plasma, this parameter has no apparent effect from treatment time to treatment time as the
error bars associated with each data point overlap one another. In the case with O2 plasma, there
are slight variations associated with the surface energies (total, dispersive and polar) imposed by
different gas flow-rates. Lower flow-rates (0.1-1 SLPM) result in higher polar surface energies and
lower dispersive surface energies. Higher gas flow-rate (10 SLPM) tends to minimize the loss in
dispersive forces to 15% at most and with longer treatment times, a 2-4% change in polar forces is
observed. Based on surface free energy measurements, we see the effects and dependence of plasma
treatment conditions at the molecular level.
3.3.3 Surface Chemistry
XPS and ATR-FTIR spectroscopy were used to identify functional groups created on the surface of
UHMW PE films. ATR-FTIR spectra obtained for films treated with N2 plasma with gas flow-rates
of 0.01, 0.1 and 1 SLPM are shown in Figures 3.12 - 3.14, respectively. Five functional groups
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Figure 3.10: Measured surface energies - polar, dispersive, and total of UHMW PE films
treated with N2 plasma at flow-rates of 0.1, 1, and 10 SLPM and various treatment times.
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Figure 3.11: Measured surface energies - polar, dispersive, and total plotted versus treatment
time of UHMW PE films treated with O2 plasma at gas flow-rate of 0.1, 1, and 10 SLPM.
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were identified on the surface of N2 plasma-treated films. These 6 new peaks are positioned at
3400, 1724, 1648, 1283, 1198 and 856 cm−1 which corresponds to the (i) O−H stretching (ii) C−O
stretching of saturated aliphatic ketones, aldehydes, (iii) N−H deformation of primary amine or the
anti-symmetrical deformation of COO−, (iv) C−O stretching of carboxylic acids, (v) C−O stretching
of saturated aliphatic tertiary alcohol, and (vi) ring vibration of monosubstituted epoxy, respectively.
Literature [18, 19] supports these attributions.
The first 4 groups are readily present after initial exposure to the plasma however, the existence
of the epoxy ring peak is not observed until after 3-5 minutes of plasma treatment. Based on this
observation alone, we see the strong dependence of treatment time to the formation of certain groups
on the surface. The influence of treatment time is also validated by the increase we see in the
peak height and area with longer treatment times. This phenomenon has been observed by others
and some report that this is attributed to the increased concentration of free radicals generated by
the plasma over time [20, 21]. In addition to treatment time, the gas flow-rate can influence the
concentration of functional groups on the surface. We see that the addition of functional groups is
facilitated with increasing N2 flow-rates. The existence of oxygen-containing groups on the surface
could be the result of the following: (a) the presence of air in the reactor, (b) oxygen from additives
present from 1-10nm thick layers in the film, and (c) post-plasma reaction of the activated surface
with the atmospheric oxygen or water vapor [22].
ATR-FTIR spectra acquired from UHMW PE films treated with O2 plasma at flow-rates of 0.1, 1,
and 10 SLPM are presented in Figures 3.15 - 3.17, respectively. New peaks identified in the spectra
of O2 plasma-treated films match the peaks found in spectra of films treated with N2 plasma. The
change in spectra with respect to treatment time seen with O2 plasma treated films follow the same
trend seen with N2 plasma-treated films. The influence of gas flow-rate is also seen with O2 plasma
treatments. At low flow-rates, we see sharper and more intense peaks with treatment time, signifying
higher concentration of these functional groups. A clearer look at the variation of surface chemistry
as a function of treatment time and gas flow-rate is needed in order to corroborate the observations
stemming from FTIR analysis.
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Figure 3.12: ATR-FTIR spectra of an untreated UHMW PE film denoted as control and films
treated with N2 plasma with a fixed gas flow-rate of 0.01 SLPM and at exposure times of 30
seconds, 1 minute, 3, minutes and 5 minutes.
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Figure 3.13: ATR-FTIR spectra of an untreated UHMW PE film denoted as control and films
treated with N2 plasma with a fixed gas flow-rate of 0.1 SLPM and at exposure times of 30
seconds, 1 minute, 3, minutes and 5 minutes.
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Figure 3.14: ATR-FTIR spectra of an untreated UHMW PE film denoted as control and
films treated with N2 plasma with a fixed gas flow-rate of 1 SLPM and at exposure times of 30
seconds, 1 minute, 3, minutes and 5 minutes.
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Figure 3.15: ATR-FTIR spectra of an untreated UHMW PE film and films treated with O2
plasma with a fixed gas flow-rate of 0.1 SLPM and exposure times of 30 seconds, 1 minute, 3
minutes, and 5 minutes
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Figure 3.16: ATR-FTIR spectra of an untreated UHMW PE film and films treated with O2
plasma with a fixed gas flow-rate of 1 SLPM and at exposure times of 30 seconds, 1 minute, 3
minutes, and 5 minutes.
83
Figure 3.17: ATR-FTIR spectra of an untreated UHMW PE film and films treated with O2
plasma with a fixed gas flow-rate of 10 SLPM and at exposure times of 30 seconds, 1 minute, 3
minutes and 5 minutes.
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So, to obtain a more qualitative assessment of the chemical composition at the surface of plasma-
treated films, XPS was used. The scanning depths of XPS (up to 10 nm) compared to v1 µm
for ATR-FTIR is more representative of the surface. Survey scans of the surfaces provided atomic
percentages of carbon-, oxygen-, and nitrogen-containing groups. Survey scans of films treated with
N2 plasma support results obtained by FTIR studies, where a significant amount of oxygen-containing
groups is present after treatments. To assess the uptake of oxygen- and nitrogen-containing groups,
ratios of atomic oxygen to carbon and nitrogen to carbon were taken. The result of this analysis is
shown in Figure 3.18.
Looking at the oxygen to carbon ratio (O/C) obtained from O2 plasma treatments (Figure 3.19),
a sharp increase in the uptake of oxygen-containing groups within the first 30 seconds to 1 minute
of treatment is observed. Based on values of N/C and O/C, the uptake of nitrogen-containing
groups is minimal as compared to the uptake of oxygen-containing groups. The ability to incorporate
nitrogen groups on the surface is strongly influenced by the gas flow-rate in which sufficient flow of
N2 is required as well as the exposure time to the plasma. Films treated at flow-rates of 1 and 10
SLPM show an increase of N/C ratio to 0.01-0.06 whereas a low flow-rate of 0.1 SLPM results in
no observable nitrogen groups. Longer treatment times (greater than 1 minute) tend to result in a
decrease in these groups likely due to the abstraction cycle and the conversion of the groups into
other radicals. Looking at the uptake of oxygen-containing groups from N2 plasma treatment, a
competing effect is seen where oxygen groups are suppressed when a significant amount of nitrogen
is present on the surface. The highest uptake of oxygen-containing groups is seen when the lowest
N2 flow-rate is used, but nonetheless, data from O/C and N/C ratios suggests that the concentration
of nitrogen and oxygen-bearing groups can be varied by changing processing conditions.
An increase of the O/C ratio to 0.05-0.33 of films treated with O2 plasma indicates that oxygen-
containing groups were incorporated to the surface. The uptake of oxygen groups is influenced by
the gas flow-rate and the treatment time, where the highest attainable concentrations are seen at low
gas flow-rates of 0.1 and 1 SLPM and longer exposure time of up to 5 minutes. In the case of O2
plasma treatments, data suggests that the optimum conditions to yield high surface concentration
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Figure 3.18: Calculated ratios of atomic nitrogen to atomic carbon (N/C) and atomic oxygen
to atomic carbon (O/C) of UHMW PE films treated with N2 plasma at various treatments and
flow-rates of 0.1, 1, and 10 SLPM.
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Figure 3.19: Calculated ratio of atomic oxygen to atomic carbon, O/C, of UHMW PE films
treated with O2 plasma at different treatment times with gas flow-rates of 0.1, 1, and 10 SLPM.
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of functional groups can be achieved through exposure times of 5 minutes or longer and at a gas
flow-rate of 1 SLPM. To support this claim, the surface concentration of specific oxygen-containing
functional groups must be determined.
High resolution C 1s spectra were used to identify specific functional groups bound to the surface
of plasma-treated films. This was done by peak-fitting the C 1s peak with individual peaks that
correspond to specific functional groups at known binding energies. Using binding energy values
reported in literature [5, 23–25], spectra from N2 and O2 plasma-treated films were fitted using 5 to 6
peaks. Functional groups associated with these peaks and their respective binding energies are given
in Table 3.3. Representative deconvoluted high resolution C 1s peak of an untreated film is shown
in Figure 3.20 and deconvoluted C1s peaks of N2 and O2 plasma-treated films are shown in Figure
3.21 and Figure 3.22, respectively. Appendix B contains representative peak-fitted C 1s spectra of
UHMW PE films that have undergone plasma surface treatments at different processing conditions.
The untreated film shows a single peak centered at a binding energy of 285.0 eV, which corresponds
to the aliphatic carbons, C−C and in some samples, an additional peak corresponding to a carbon
bonded to oxygen, C−O is fitted. The source of the oxygen is likely from post-processing treatments
applied to the film and in most cases, is difficult to remove. After plasma treatment, high resolution
C 1s peaks exhibit a tail at higher binding energies signifying carbon bonded to different atomic
species.
Deconvoluted C 1s peaks of N2 plasma-treated films indicate that hydroxyl, amine and amide
groups, carbonyl, and carboxyl groups are present on the surface. C 1s spectra of UHMW PE films
treated with O2 plasma were fitted with peaks corresponding to hydroxyls, carbonyl, and carboxyl
functional groups. The relative concentrations of each group attained from peak-fitting analyses are
presented in Table 3.4 for N2 plasma-treated films and Table 3.5 for O2 plasma-treated films.
Looking at relative concentrations of each functional group, hydroxyls are the dominate surface
species on the surface of O2 and N2 plasma-treated films. Hydroxyls make up 30-45% of surface
(functional) groups in N2 plasma-treated samples and 40-50% in O2 plasma-treated samples. Remain-
ing surface groups, carbonyls and carboxyl groups make up about 5-17% and 14-25%, respectively on
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Figure 3.20: Deconvoluted high resolution C 1s peak of untreated UHMW PE film exhibiting
one fitted peak corresponding to C−C, C−H backbone of the polymer.
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Figure 3.21: Respresentative deconvolute high resolution C 1s peak of UHMW PE film treated
with N2 plasma. The peak-fitted curve show 5 peaks after exposure to the plasma for 1 minute.
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Figure 3.22: Representative deconvoluted high resolution C 1s peak of UHWM PE film treated
with O2 plasma. Peak shows 5 peaks present after an exposure time of 3 minutes.
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Table 3.3: Functional groups and their respective binding energies used to peak-fit high
resolution C 1s peaks of plasma-treated UHMW PE.







the surfaces of N2 and O2 plasma-treated samples. Depending on N2 plasma treatment conditions,
nitrogen-containing groups, the amine and amide groups, can vary in surface content from 15-50%.
The role of plasma treatment conditions will now be discussed. The role of the gas medium used
to create the plasma has been established where we see nitrogen-containing species present only
on samples treated with N2 plasma and oxidized species from O2 plasma treatments. In addition
to nitrogen groups, N2 plasma treatments also yields oxidized species. Guimond and co-workers
[26] as well as many others [22, 27, 28] have attributed the uptake of oxidized species as a result
of a post-treatment effect, where the activated surface is prone to react further when exposed to
air. Other reasons are (1) the presence of air trapped in the reactor and (2) oxygen from additives
present from on the surface of the film.
The gas flow-rate also affects the uptake of certain groups. This is exemplified with N2 plasma
treatments where significantly higher flows (1 SLPM and higher) are needed in order to incorporate
nitrogen-containing groups. Higher flow of N2 gas coupled with short and longer treatment times
can also influence the content of these groups. A flow of 10 SLPM and short treatment times (30s
- 1 minute) results in high concentration of amines/amides and in the case with the flow-rate of 1
SLPM, higher concentrations are reached with longer treatment times (3 and 5 minutes). However,
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these observations are based on data points with high standard deviations thus the repeatability
associated with N2 plasma treatments is low.
Based on relative concentration of functional groups obtained from XPS, O2 plasma treatments
yield an abundance of hydroxyls while carbonyl and carboxyl groups vary from 2 -7 at.% and 3-7
at.%, respectively. Longer treatment times typically promote an increase in the concentration of
functional groups however, there are instances where the concentration fluctuates. This is seen mainly
with the carbonyl and carboxyl groups. These variations in concentration are perhaps a result of
the aforementioned step-wise oxidative process that occurs at the plasma-surface interface, where
hydroxyl groups are converted into carbonyl and carbonyl groups are converted into carboxyl groups.
3.4 Summary
In this chapter, we investigated the changes incurred by the surface of UHMW PE films after plasma
treatments. Wettability studies showed increased hydrophilicity of the surfaces after plasma treatment
through decreased contact angle measurements with water. From contact angle measurements, surface
free energy of the films were calculated and showed a 25% increase. The increase in surface energy
was seen largely from increased polar contributions. Contact angle and surface energy measurements
alone suggests that improved adhesion should be achieved due to improved wetting behavior and
increased surface energy of UHMW PE.
Observations gained from SEM studies show that rougher surfaces are created after plasma
treatments. The degree of roughening was found to increase with prolonged exposure to the plasma
and the existence of micro- and nano-depressions was observed. The changes in physical characteristics
of the surface occur due to an etching process that takes place because of direct contact between the
plasma and the polymer surface. The observed morphological changes can promote adhesion through
mechanical interlocking in areas consisting of micropits as well as from increased contact area.
ATR-FTIR and XPS identified nitrogen and oxygen-containing groups on the surface. N2 plasma
treatments were found to impart nitrogen-containing functionalities (amines and amides) in addition
to oxygen-containing groups namely hydroxyl, carbonyl, and carboxyl. O2 plasma treatments
introduced only the aforementioned oxygen-containing groups. Results of this analysis show that
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Table 3.4: Relative concentrations of functional groups (in atomic %) obtained from peak-fitting
of C 1s spectra of UHMW PE films modified with N2 plasma at different treatment times and
gas flow-rates.
Treatment C−C, C−H N−H C−O C−O O−C−O
Conditions (285.0 eV) (285.9 eV) (286.5 eV) (288.0 eV) (289.5 eV)
untreated 99.5±0.5 - 0.5±0.6 - -
0.1 SLPM
1/2 min 79.3±5.7 - 11.6±4.4 5.4±1.3 3.8±1.6
1 min 74.7±3.5 - 12.1±2.4 5.5±1.3 7.7±3.5
3 min 70.7±4.9 - 12.7±2.6 8.4±1.4 8.3±1.0
5 min 65.2±3.5 - 13.4±2.4 10.7±1.9 10.7±3.8
1 SLPM
1/2 min 85.5±3.0 2.4±1.3 5.3±4.0 4.7±1.7 2.1±1.1
1 min 82.9±4.5 5.7±2.6 4.5±2.1 2.9±0.9 4.1±1.7
3 min 73.8±3.7 6.7±3.2 10.7±3.2 5.2±1.9 3.6±1.3
5 min 64.6±2.1 8.2±4.7 15.6±3.5 4.6±2.4 7.0±2.8
10 SLPM
1/2 min 73.3±5.2 12.6±4.1 8.5±6.2 3.1±1.0 2.6±1.1
1 min 70.7±13.8 11.1±4.7 11.3±8.9 1.7±2.1 5.3±1.3
3 min 67.7±10.1 8.8±3.2 14.0±11.3 4.8±1.6 4.3±2.1
5 min 78.0±5.2 8.3±4.0 4.3±2.8 4.0±1.3 4.5±2.0
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Table 3.5: Relative concentrations of functional groups (in atomic %) obtained from peak-fitting
of UHMW PE films treated with O2 plasma at different treatment times and gas flow-rates.
Treatment C−C, C−H C−COO C−O C−O O−C−O
Conditions (285.0 eV) (285.9 eV) (286.5 eV) (288.0 eV) (289.5 eV)
untreated 99.5±0.5 - 0.5±0.6 - -
1 SLPM
1/2 min 85.5±4.6 - 7.94±2.6 5.4±2.3 3.1±1.9
1 min 80.2±3.9 4.1±1.2 8.0±1.7 4.0±1.1 4.0±1.3
3 min 63.5±2.1 5.6±1.6 11.0±2.2 9.0±1.8 6.6±1.3
5 min 62.5±4.6 9.2±1.09 14.3±4.2 7.0±2.4 7.2±1.2
10 SLPM
1/2 min 82.9±3.2 6.6±4.8 8.7±3.5 2.1±0.9 3.1±1.1
1 min 78.0±2.4 4.6±1.2 10.0±2.8 3.4±1.1 4.0±2.9
3 min 86.3±1.2 - 7.0±2.5 2.5±1.3 4.3±1.9
5 min 83.1±3.2 - 9.1±2.3 4.1±1.2 3.7±1.8
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hydroxyl groups are in abundance relative to other functional groups created on the surface.
Changes in the morphology and surface chemistry as a result of different applied plasma treatment
conditions (i.e. treatment time, plasma gas, and gas flow-rate) were of particular interest in this
study. The following summarizes the effect plasma gas, gas flow-rate, and treatment time has on the
surface properties of UHMW PE:
 Longer treatment times coupled with (i) higher N2 gas flow-rates and (ii) lower O2 flow-rates
resulted in rougher surfaces and more occurrences of surface defects/anomalies. Little to no
difference in the degree of roughening is seen between N2 and O2 plasma treatments.
 Lower values of contact angles were achieved with O2 plasma treatments. In general longer
treatment times (of up to 5 minutes) resulted in decreased angles in both O2 and N2 plasma-
treated samples. Increases in the total surface free energy and polar surface free energy were
both observed with O2 and N2 plasmas; a decrease in the dispersive component of surface
energy was more pronounced in O2 plasma treatments.
 N2 plasma treatments with flow-rates ranging from 1-10 SLPM successfully incorporated
nitrogen-containing species. Longer treatment time aided in the up-take in these groups at a
flow-rate of 1 SLPM and the opposite was observed with a flow-rate of 10 SLPM. However, N2
plasma treatments yield high variability and low repeatability.
 With O2 plasma treatment, fluctuations (high and low) in the uptake of oxidized species were
observed with longer treatment times. A gas flow-rate of 1 SLPM and longer treatment times
resulted in higher hydroxyl and carboxyl group concentrations.
Based on these trends and observations, optimum plasma conditions can be selected in order to
engineer the surface chemical composition of UHMW PE. Optimum plasma processing conditions were
found to stem from oxygen plasma surface treatments at low flow-rates and at extended treatment
times. In Chapter 4, these plasma conditions will be applied to UHMW PE fibers in order to tailor
the fiber-matrix interface. Based on our knowledge of plasma-surface interactions and the effect
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Chapter 4: FIBER-MATRIX INTERFACIAL STUDIES
4.1 Introduction
Chapter 3 provided a thorough look at the chemical and physical changes incurred to ultra-high
molecular weight polyethylene film as a result of plasma treatments. Observations from spectroscopy
and microscopy studies show that the outcome of the treatment can vary by adjusting the plasma
exposure time, the gas flow-rate and the plasma gas used to carry out the treatment. Key findings
from plasma treatment studies include:
(i) Relative concentrations of functional groups changes with exposure time to the plasma;
(ii) Surface roughening is more pronounced in films treated at longer times;
(iii) Oxygen plasma is the plasma of choice as it yields a more narrow distribution of groups and
at higher concentrations.
The aforementioned work in Chapter 3 served as a guideline in terms of what can be expected when
applying the same plasma treatments to UHMW PE fibers. This chapter is devoted to understanding
how surface properties govern the interfacial properties at the fiber-matrix interface. Furthermore,
the work presented looks at separating the chemical and mechanical contribution of adhesion through
micromechanical testing of the interface.
4.2 Experimental
The transition of substrate geometry, from film (2-dimensional) to fiber (3-dimensional) structures
in addition to changes in structural conformation of the polymer, i.e. chain folding necessitated
characterization of the surface of fibers. To ensure the uniformity of plasma treatment, the research
was carried out on single filaments of commercially available UHMW PE fibers. Experimental
techniques described in Chapter 3 Sections 3.2.3, 3.2.4, and 3.2.6 were utilized to characterize the
surface properties of plasma-treated fibers. In addition to characterizing the surface of plasma-treated
fibers, the interfacial properties – interfacial shear strength (IFSS) and energy absorption (EA) were
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also measured.
A significant portion of the experimental results presented in this study was provided by Dr.
Denis Kissounko, whom at the time performed the work at the University of Delaware’s Center
for Composite Materials (U.Del - CCM). His contributions include the mid-IR model compound
reactivity study of functional groups to the epoxy/amine system, acquiring interfacial properties
(IFSS and EA) utilizing a single fiber microdroplet tests of plasma-treated fiber/epoxy samples and
SEM and AFM analyses of the pre- and post-debonded interface. The experimental description of
these studies will be presented in this section.
4.2.1 Materials
Ultra-high molecular weight polyethylene (UHMW PE) fiber tows (Honeywell Spectra fibers 1000,
1300 denier) were supplied by the U.S. Army Research Laboratory. Prior to plasma treatment, the
fibers were thoroughly washed by sonication in an ethanol (ACS Reagent Grade, Sigma-Aldrich)
bath for 15 minutes and then dried in air at room temperature. A 6 in.× 6 in. quartz frame was
constructed to plasma-treat long lengths of fiber.
Sodium hydroxide, sodium bicarbonate and hydrochloric acid standards were procured from
Sigma-Aldrich for titration measurements. Formamide (Sigma-Aldrich) and diiodomethane (Sigma-
Aldrich) were used for contact and surface energy measurements. A low viscosity diglycidyl ether
of bisphenol A epoxy, EPON 828 or DER 353 and a crosslinking agent, bis(p-aminocyclohexyl)
methane, Amicure PACM, were acquired from Miller-Stephenson and Air Products, Inc., respectively.
Chemical structures of EPON 828 and PACM-20 are shown in Figure 4.1.
4.2.2 Surface Morphology
Changes in surface morphology and topography were probed by Scanning Electron Microscopy (SEM)
and Atomic Force Microscopy (AFM). Experimental details of SEM can be found in Chapter 3,
Section 3.2.4. Prior to SEM probing, UHMW PE fibers were sputter-coated with platinum for 30
seconds.
The topography of plasma-treated fibers was measured with a Digital Instrument Nanoscope III
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Figure 4.1: Chemical structure of (a) diglycidyl ether of bisphenol A epoxy, EPON 828 and
(b) the amine hardener, bis(p-aminocyclohexyl)methane, PACM-20.
AFM. Silicon nitride (Si3N4) probe tips (Vecco) operating at a nominal resonance frequency of 322.0
kHz were used in tapping mode. A scan rate and scan size of 1.0 Hz and 5×5 µm2, respectively
was used for all acquisitions. The root-mean-squared roughness (RMS) for all topographic profiles
was measured from 5 different scanned areas on the single fiber to evaluate the degree of surface
roughening. Scanned images were flattened using a second-order plane fit in order to take the
curvature of the fiber and tip artifacts into account.
4.2.3 Wettability
The wetting behavior of fibers was investigated by measuring the dynamic contact angles in ambient
atmosphere. A Thermo Cahn Dynamic Contact Angle (DCA) 332 Analyzer (ThermoScientific)
utilizing the Wilhelmy technique was used for these measurements. A 10 mm long single fiber was
used and the wetting cycle was recorded with water. Approximately 3 mm of the fiber was immersed
and pulled out of the probe liquid at a rate of 20 µm/s. Prior to immersion, the fiber was allowed to
stabilize for 20 seconds. A minimum of 10 measurements were taken for each fiber treatment. The
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angle, θ, was calculated using Equation 4.1,
F = P · γLV cosθ (4.1)
where F is the advancing or receding force, γLV is the surface tension of the liquid and P is the
perimeter of the fiber. This equation is corrected for buoyancy of the fiber by extrpolating to a zero
volume. The perimeter of the fiber was measured using hexane, a low surface tension liquid that
wets the surface of the fiber (θ=0◦).
The surface free energy of the fibers was determined by using a method described by Kaeble et al.
[1] and Owens and Wendt [2] (discussed in Section 3.2.3 in more depth) that takes into account the
contact angles obtained using three liquids – water, formamide, and methylene iodide. Calculations
for the total, polar, and dispersive surface energies were carried out as described in Section 3.2.3.
4.2.4 Quantification of Surface Groups
Surface group concentration was determined using X-ray Photoelectron Spectroscopy and acid-base
titrations. XPS is a powerful tool for probing the chemical composition of a surface, however, the
sampling depth in which XPS can access is at most 10A˚ and provides information pertaining to a
select area. Therefore, titration measurements were carried out to verify the trend that was observed
from XPS peak deconvolution of the carboxyl groups. Titrations offer a practical route to quantify
chemically and physically accessible acidic sites such as carboxylic acid groups that reside in and
on the surface and sub-surface layers below the external fiber surface as a result of plasma etching
[3, 4]. Moreover, it provides a method for obtaining absolute concentrations. The total number of
carboxylic acid groups (COOH) on the fiber surface was determined using a double-back titration
similar to that of the experimental procedure described by Gonza´lez-Guerro et al. [5].
Approximately 1.0 g of plasma-treated fibers was immersed into a 30 mL of 1 mM NaHCO3
aqueous solution. NaHCO3 was used because it reacts specifically with carboxylic groups as it has
the lowest pKa of the functional groups found on the surface. The reaction between NaHCO3 and
the carboxylic groups gives a salt and a carbonic acid, the latter is further decomposed into water
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and carbon dioxide. To drive the reaction forward, nitrogen gas was bubbled for 6 hours to remove
the CO2 gas byproduct. Measurement of the remaining NaHCO3 (HCO
−
3 ) was performed by back
titration as described below. Prior to titrating, the fibers were removed by vacuum filtration. An
amount of 1 mM HCl equivalent to the initial NaHCO3 is added to the filtrated solution and was
mixed under nitrogen for 12 hours to allow the reaction to equilibrate, resulting in the formation of
H2CO3 along with excess HCl. The excess HCl is titrated with a 1mM solution of NaOH and the
equivalence points correspond to the amount of carboxylic groups present on the surface of the fiber.
4.2.5 Gas Adsorption Specific Surface Area
Specific surface area of the fibers before and after plasma treatments was determined using the
BET/N2 (Brunauer-Emmett-Teller) method. Measurements of the fiber surface area and pore size
distribution were carried out on a Quantachrome Instruments Quadrasorb SI Gas Sorption Analyzer.
Adsorption and desorption isotherms were obtained using nitrogen as the adsorbate medium. The
linear region of the adsorption/desorption isotherm with relative pressures ranging from 0.05 and
0.30 was used to calculate the surface area of the fibers. Roughly about 0.06 g of fibers was used to
perform a single BET run.
4.2.6 Single-Fiber Microdroplet Pull-Out Test
Interfacial shear strength (IFSS) at the fiber-epoxy interface was characterized using a single fiber
microdroplet test. A schematic of the apparatus used to perform this test is shown in Figure 4.2.
Stoichiometric ratios (100:28) of DER 353 or EPON 828, a low viscosity epoxy resin (0.10 g) were
mixed with the curing agent, PACM-20 (0.028 g). An applicator was used to deposit microdroplets
with lengths ranging between 150 µm to 250 µm. The epoxy microdroplets were allowed to cure at
room temperature overnight and a cure schedule of 80◦C for two hours and a post-cure of 112◦C for
an additional two hours were applied. Single fibers were then affixed onto sample holders whereupon
the droplets length, fiber diameter, and fiber free length were measured using an optical microscope.
Five specimens were tested for each plasma treated fiber for statistical analysis. The interfacial shear
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where A = pi ·df · le, Fc is the maximum force on the force-displacement curve, df is the fiber diameter
and le is the embedded resin drop length. A detailed description of the single fiber microdroplet is
provided by X. Gao and co-workers [6].
Another important property controlled by the interface is energy absorption, especially upon
impact loading where embedded fibers fail, debond, and pull-out from the resin. Figure 4.3 is a
typical force (F ) versus displacement curve obtained from the microdroplet test where the curve has
been divided into three regions: debonding, dynamic sliding, and quasi-static sliding according to
the different failure. These different regions are discussed below.
Debonding Region (deb): 0 6 δ 6 δc. At the initial stage of the test, the load increases linearly
with the displacement in the region of 0 ∼ δe. The slope of the force-displacement curve in this
elastic region is equal to Ke. As the blade moves down at the set displacement rate, the load
increases causing the bonds to break between the fiber and the resin. This results in the initiation and
propagation of a crack at the load. As the force increases, incremental crack growth continues. This
force is a combination of frictional load in the debonded region and the adhesion load from the intact
portion of the interface. The crack propagation is stable along the friction-controlled debonding.
Complete debonding occurs when the force reaches a maximum, Fc. During the debonding process,
the fiber is stretched resulting in the storage of elastic strain energy.
Dynamic Sliding Region (ds): δc < δ 6 δs. After the peak load, Fc, there is a sudden drop in
load when the resin droplet completely debonds. In this region, the stretched fiber tries to release
its stored strain energy by sliding backward. The stored strain energy in the fiber (proportional to
failure load and fiber length and diameter) in conjunction with the amount of friction that develops,
which is dependent on texture, determines the magnitude of the dynamic sliding. In some cases, a
dynamic extension is observed where load drops to a minimal and then increases into a quasi-static
plateau.
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Figure 4.2: Schematic representation of the single-fiber microdroplet pull-out test used to
measure interfacial shear strength and energy absorption at the fiber/matrix interface. The top
view shows the main components of the setup, which consists of a microbalance, two cameras
positioned from the side and the other on the bottom, two loading knife, and the sample. The
bottom view is a zoomed-in image of the test sample along with 3 measured parameters.
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Quasi Static Sliding Region (qs): δs < δ 6 δs + le. In short, the fiber passes through the cracked
surface. As the fiber stretches back, releasing most of its stored strain energy, frictional stress resisting
the slide is generated due to texture left on the debonded portion of the fiber. A high degree of
surface texturing should contribute to the average shear stress during this stage where relative sliding
occurs between the debonded fiber and resin drop.
Total (Et) and elastic energies (Ee) for specific regions were calculated using Equation 4.3 and 4.4,











K(δ) = Ke(δ) (δ 6 δe) (4.5)
K(δ) = Ke(δ)− α · (δ − δe)
δ
· [Ke −Knl] (δ > δe) (4.6)
EA(δ) = Et(δ)− Ee(δ) (4.7)
Energy absorption (EA) due to different stages of failure denoted as Espmechanism for debonding
(deb), dynamic sliding (ds), and quasi-static sliding (qs) regions and total energy absorption (total
energy absorbed per area unit of interface) are defined by Equations 4.8-4.11. Specific energy
absorption due to debonding is calculated as the amount of debonding energy absorbed per unit
area of loaded interface and the specific sliding energy absorption is defined as the amount of sliding
energy absorbed per unit area of the loaded interface and the distance of the relative movement of
107















deb + lav · Espqs (4.11)
where ∆Lf and δf correspond to the fiber stretching length and the displacement change when the
force drops from Fc to Fs in the dynamic sliding region. The average length of a microdroplet, lav
was selected to be 200 µm. The energy contribution from the dynamic sliding region was found to
be less than 5% of the total value; moreover, the very short time span (< 1s) leads to insufficient
number of data points for this region to allow statistically meaningful data reduction to be performed.
Hence, in Equation 4.11 the contribution from dynamic sliding region was neglected.
4.2.7 Surface Group Reactivity Study
Dodecanol-1, dodecene-2 and dodecanoic acid were used as model compounds representing surface
groups found on treated UHMW PE fibers. The compounds were taken in molar ratios that correspond
to surface compositions determined by XPS analysis for each plasma exposure data point. Model
compounds at 1.5wt% were mixed with EPON 828 and PACM-20 curing agent. After taking initial
near- and mid-FTIR scans of freshly mixed compounds, the mixture was cured at 80◦C for two hours
and 112◦C for additional two hours for a post-cure cycle. After each stage (cure and post-cure), near-
and mid-FTIR spectra were recorded. Mid-IR spectra were deconvoluted by using a PeakFit 4.12
software, and peaks corresponding to the epoxy group (916 cm−1), C=O group (1745 cm−1), -COO-
group (1652 cm−1), and α-methylene group -CH2OH (3037 cm−1 and 3059 cm−1) in the mid-IR
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Figure 4.3: Force versus displacement curve obtained from microdroplet test depicting three
different regions: debonding (Ea,deb), dynamic sliding (Ea,ds), and quasi-static sliding (Ea,qs)
according to different failure modes.
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region were integrated.
Two types of experiments were conducted, one where the model compounds were used in low
concentration relative to the epoxy/amine resin and conversions were monitored using mid-IR and
a second where NIR was used to monitor the epoxy-amine resin conversion in a system where
the relative ratio of model compounds to resin was higher. The first set of conditions is more
representative of cases where diffusion limitations do not play an important role in surface reactions
(i.e. there is a large reservoir of epoxy and amine reactive sites available to the surface groups). The
second set of conditions is more representative of cases where diffusion limitations curtail accessibility
of epoxy-amine moieties to surface groups.
Mid-IR and Near-IR studies were performed on a Nicolet 20 DXB FT-IR spectrometer equipped
with a MCT detector and a KBr beamsplitter and Nicolet-Thermo 670 FT-IR spectrometer equipped
with a DTGS detector and CaF2 beamsplitter, respectively. Mid-IR spectra were acquired at a
resolution of 4cm−1 with a total of 32 scans while Near-IR spectra were acquired at a resolution 16
cm−1 with a total of 64 scans.
4.3 Results and Discussion
4.3.1 Surface Properties of Plasma-Modified UHMW PE Fiber
The wettability of the fibers before and after plasma surface treatments was assessed by measuring
the advancing and receding contact angles formed at the fiber and water interface. Figure 4.3 shows
that both the advancing and receding contact angles decrease with longer plasma exposure. The
advancing and receding contact angles for an untreated UHMW PE fiber were recorded at 95◦ and
91◦, respectively while a fiber treated with plasma for 10 minutes exhibited angles of 60◦ and 37◦,
respectively. The decrease in contact angle clearly indicates that polar groups have been introduced
to the fiber surface. In addition, the presence of hysteresis in advancing and receding contact angles
suggest changes in the physical properties of the fiber surfaces. Contact angle hysteresis is observed
in all of the plasma-treated fibers but is more pronounced with fibers treated with plasma at times of
6 minutes and longer. Hysteresis of advancing and receding contact angles is an indication of surface
roughness or heterogeneity present on the fiber surface [7–9].
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Figure 4.4: Measured advancing () and receding ( ) contact angles of oxygen plasma-treated
monofilaments in water.
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The surface free energy of each plasma-treated fiber was determined as discussed in Chapter 3 by
using measured receding contact angles obtained from the three probe liquids - water, formamide, and
diiodomethane, that have different polar characteristics. Measured surface free energies comprised
of two components, the dispersive (i.e. van der Waals and London) and polar (i.e. dipole-dipole
interactions and hydrogen bonding) forces. The measured surface free energy for an untreated
UHMW PE single fiber was found to be 33.65 mJ·m−2 with dispersive and polar surface energies of
32.71 mJ·m−2 and 0.94 mJ·m−2, respectively. Figure 4.5 shows that after a two minute exposure to
oxygen plasma, an increase in the total surface free energy to 46 mJ·m−2 is achieved. This increase is
attributed to the increase in the polar contribution with values ranging from 20-26 mJ·m−2, a 25-fold
increase. The increase in the polar component of the surface energy further supports the decrease in
contact angles as a result of polar groups incorporated onto the surface of the fiber. Conversely, the
plasma treatment of fibers caused a one-third reduction in the dispersive component of the surface
free energy. The decrease in dispersive forces at the surface can be attributed to chain scissioning and
cleavage of the carbon-carbon backbone caused by high energetic species in the plasma bombarding
the surface.
4.3.2 Surface Morphology and Topography
The hysteresis from advancing and receding contact angles suggests that the structure of the fiber
endured physical changes from exposure to plasma in the form of surface roughening and surface
heterogeneity, which can be either structural (a nonplanar shape at mesoscopic lengths) or chemical
(variations in composition). It is well known that atomic oxygen in oxygen plasma initiates etching
processes. Liston et al. [10] reports that amorphous areas of the polymer can be etched away at a
rate faster than its crystalline counterpart, where a rougher surface topography is created. Guimond
and Wertheimer [11] have reported that plasma treatment can lead to the formation of low molecular
weight organic material (LMWOM) on the surface as a result of chain scissioning of the hydrocarbon
backbone that coalesce to form micrometer-sized features on the surface.
To better understand the changes to the surface, AFM was used to measure the surface roughness of
the fibers. Figure 4.6 is a compilation of representative AFM images that clearly show the progressive
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Figure 4.5: Calculated dispersive (- -), polar (--) and total (-N-) surface energies of UHMW
PE monofilaments before and after oxygen plasma treatment.
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roughening or micro-texturing of the fibers surface. The root-mean-square (RMS) roughness is
plotted with respect to treatment time as shown in Figure 4.7. The measured RMS roughness of an
untreated single fiber was found to be approximately 14 nm. Upon exposing fibers to 2 minutes of
plasma treatment the average RMS roughness increased to 44 nm, about three times that of the
untreated fiber. Fibers treated up to 6 minutes exhibited a steady increase in roughness and at 10
minutes of plasma treatment the RMS reaches a maximum of c.a. 47 nm while with a treatment
time of 10 minutes the roughness decreased to 58 nm. This increase in roughness can be attributed
to the existence of LMWOM and to etching of the amorphous regions of UHMW PE fiber [12].
In addition to surface roughening, microdepressions or micropits and microcracks on the fiber
surface have also been observed. Representative SEM images of plasma-treated UHMW PE fibers,
as seen in Figure 4.8, reveal the existence of these microdepressions and cracks associated with
treatments times of 4, 6, and 8 minutes. This occurrence is reported in literature as others [13–16]
have observed widespread micropitting and microcracks on the surface of plasma treated UHMW PE
fibers under oxygen plasma. The micropits and cracks are formed as a result of energetic species
in the plasma etching the fiber surface and causing the molecular chain to degrade [14]. These
features however, are not seen on the fibers treated with oxygen plasma for 2 and 10 minutes. The
SEM micrograph of the 10 minute plasma-treated fiber shows aggregated clusters which suggest the
presence of LMWOM or preferential etching. The 2 minute-treated sample exhibits mild degradation
on the surface where etched areas are seen. Microcracks and micropits have been reported to promote
adhesion through mechanical interlocking, but Pittman et al. [17] point out that they are subsurface










Figure 4.6: AFM images of 5×5 µm scanned areas of UHMW PE monofilaments for a (a)
control, (b) 2 minute, (c) 4 minute, (d) 6 minute, (e) 8 minute, (f) 10 minute plasma-treated
surface. Vertical scale: 200 nm
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Figure 4.7: Measured Root Mean Square (RMS) Roughness of UHMW PE fibers before and





Figure 4.8: SEM micrograph of (a) an untreated UHMW PE monofilament and monofilaments
that have been treated with oxygen plasma for (b) 2 minutes, (c) 4 minutes, (d) 6 minutes, (e) 8
minutes, and (f) 10 minutes.
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4.3.3 Surface Functional Group Concentration
It is evident from the broadening of the high-resolution C 1s spectrum that oxygen plasma is effective
in functionalizing the surface of UHMW PE fibers with oxygen-based polar species. Figure 4.9 is a
plot of the ratio of oxygen to carbon (O/C) for increasing treatment times. The data show a general
increase in the uptake of oxygen with increasing treatment times with the sharpest increase occurring
in the first two minutes. Using binding energy values reported in literature [18–20] C 1s spectra
corresponding to each treatment time were fitted with the following peaks: carbon bonded to carbon
or hydrogen (C-C, C-H), carbon atoms at an α-position from a carboxyl carbon (>C-COO), hydroxyl
(C-OH), carbonyl (C=O), and carboxyl (O−C−O) at binding energies of 285.0, 285.6, 286.5, 288.0,
and 289.5 eV, respectively. From peak-fitting, relative atomic percentage of each functional group
was determined. Representative peak-fitted spectra for each treatment condition are shown in Figure
4.10.
The atomic percentages of functional carbon atoms are summarized in Table 4.1. The functional
groups of key interest are the hydroxyls, carboxyls, and carbonyls while the peak at 285.6 eV,
representative of the α-position carbon from a carbonyl atom, is excluded in further analysis.
Deconvolution of the peaks show that with an initial treatment at 2 minutes, hydroxyls are the
dominant groups present. With longer treatment times, the hydroxyl gradually decreases while the
relative concentration of carboxyl groups increase steadily. There is a significant amount of carbonyl
groups on the surface seen with the 2 and 4 minute treatments and with a 6 minute treatment, the
concentration of the group decreases but then increases again with longer treatment times of 8 and 10
minutes. The change in the concentration of the oxidized species can be attributed to the step-wise
oxidative process that takes place as the fibers are constantly exposed to the oxygen plasma for
prolong periods of time as observed previously with the treatment of UHMW PE films [21].
Deconvolution of high resolution C 1s spectrum from XPS analyses provides compositional ratios
for each chemical group of the scanned surface of the fiber. However, it does not provide an absolute
surface concentration that is representative of the entire plasma-treated fiber surface. Therefore,
acid-base titration was employed for one of the three dominant functional groups identified by XPS
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Figure 4.9: Calculated O/C ratio of oxygen plasma-treated UHMW PE fibers at various
treatment times.
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Figure 4.10: Deconvoluted high resolution C 1s spectra of (a) control fiber, (b) 2 minute, (c) 4
minute, (d) 6 minute, (e) 8 minute, and (f) 10 minute plasma-treated UHMW PE fibers.
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Table 4.1: Relative concentrations of surface functional groups after oxygen plasma treatment
at various treatment times.
Treatment Time C-C, C-H >C-COO C-OH C=O O−C−O
(minutes) (at.%) (at.%) (at.%) (at.%) (at.%)
0 95.80±0.67 - 4.20±0.69 - -
2 60.02±6.25 7.36±10.02 22.13±5.16 7.07±5.16 3.42±0.97
4 62.69±4.62 7.01±1.66 19.14±3.31 7.28±5.96 3.88±0.43
6 61.34±4.27 9.47±2.83 20.71±6.29 2.85±0.74 5.63±1.88
8 61.88±3.32 6.40±1.54 19.99±3.75 5.46±1.59 6.27±1.58
10 57.56±1.26 6.48±1.58 19.43±4.96 9.31±6.59 7.22±2.38
analysis. Surface concentration of carboxylic acid groups, in COOH per nm2, was determined using
the titration method described in the experimental section in a known amount of treated fiber and
the theoretical specific surface area of the UHMW PE fibers, 0.137 m2·g−1, based on the average
fiber diameter of UHMW PE fibers being 30 µm. Carboxyl surface concentrations obtained using
titration and XPS are plotted in Figure 4.11 to show that a good correlation exists between the two
analytical techniques. In both cases the surface concentration of carboxyl groups increase with longer
treatment times. However, the surface concentration of carboxyl groups obtained from titration
exceeds the maximum theoretical site density of carbons in the UHMW PE chain. The maximum
surface coverage of carboxyl groups is between 5 and 6 group per nm2 [22]. However, we have
observed from AFM and SEM that oxygen surface treatments lead to an increase in surface area due
to roughening and piting.
The change in the surface area of fibers after plasma treatment was measured using BET gas
adsorption. This analysis provides the total surface area associated with the total available sites
on the surface of the fiber that can come in contact with the resin. The results from BET N2 gas
adsorption show that the surface area increases after applying plasma treatments as illustrated in
Figure 4.12. Again, this increase in surface area is attributed to changes to the surface morphology.
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Figure 4.11: Carboxyl group surface concentration, [COOH] from titration assuming a smooth
fiber with a diameter of 30 µm ( ) and relative concentration of carboxyl groups from XPS
peak-fitting ().
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For an untreated fiber, the surface area was measured to be 0.5 m2·g−1, which is about four times
more than that of the theoretical surface area. The theoretical surface area used to calculate surface
concentration of carboxyl groups was substituted with the surface areas acquired from gas adsorption
measurements. This yielded surface concentrations of carboxyl groups within the theoretical range.
The corrected surface concentration of carboxyl groups are plotted against treatment time in Figure
4.13. Incorporating corrected surface areas with titration resulted in concentrations that follow the
same upward trend as observed from XPS.
The concentration of all surface groups on the fiber surface can be determined using the surface
concentration of carboxyl groups obtained from titration measurements and XPS peak-fitting. The
absolute surface concentration of hydroxyl and carbonyl groups were determined by taking the
product of carboxyl groups (obtained from titration) with the XPS ratios of hydroxy and carbonyl
relative to carboxyl groups. This methodology gave concentrations of each functional groups shown
in Figure 4.14. The hydroxyl group surface concentration, [OH] reaches a maximum at a treatment
times of 6 minutes of c.a. 70 groups per 100 nm2 and thereafter the concentration steadily declines
with longer treatment times. The carboxyl group concentration [COOH] gradually increases with
each additional treatment time but plateaus at treatment times of 8 and 10 minutes as shown earlier
with titration measurements. The surface concentration of carbonyl groups [C=O] exhibits a cyclic
behavior where it increases with 2 and 4 minutes of oxygen plasma treatment and then decreases at 6
minutes and again increases with 10 minutes of treatment. Looking at the surface concentration of all
functional groups, [Total], a steady increase is seen up to a treatment time of 4 minutes and a slight
drop from 6 to 10 minutes of plasma exposure. But examining exclusively the surface concentration
of hydroxyls and carboxyl groups, [OH+COOH], the increase in concentration is exhibited up to a
treatment time of 6 minutes and thereafter decreases with longer treatment times. These observable
trends associated with functional group surface concentrations may provide a correlation between
surface groups to improved adhesion.
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Figure 4.12: Measured surface area obtained from BET N2 gas adsorption of untreated UHMW
PE fiber and fibers treated with oxygen plasma at various treatment times.
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Figure 4.13: Surface concentrations of carboxyl groups, [COOH], from titration measurements
with corrected surface area measurements obtained from BET analysis plotted ( ) alongside
with relative concentration of carboxyl groups from XPS deconvolution () at various plasma
treatment times.
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Figure 4.14: Total surface concentration of carboxyl ( ), hydroxyl (), and carbonyl ()
groups at each plasma treatment time in addition to the total concentration of all three groups,
[Total] (#) and the surface concentration of hydroxyl plus carboxyl groups, [OH]+[COOH] ().
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4.3.4 Functional Groups/Epoxy Reactivity Studies
Functional groups created from plasma treatments are capable of reacting with the epoxy/amine
resin to form a variety of interfacial covalent bonds that can contribute to fiber-matrix adhesion. The
following reactions between surface functional groups and epoxy/amine resin are shown in Figure
4.15. Hydroxyl and carboxyl derivatives, a and c, can react with the epoxy component of the resin
to form ether or ester linkages, d and f, respectively. For the carbonyl derivative, b, the reaction
with the amino component of the resin could form the imine derivative e.
However, because of the limited time for free diffusion during which the bulk vitrifies and becomes
immobile due to the epoxy-amine polymerization process, reactions shown in Figure 4.15 may not
react to completion, if at all. Therefore, it was important to evaluate the degree of conversion
for each functionality in a controlled fashion using the cure conditions in order to obtain a better
understanding of possible contributions of each reactive moiety to fiber-resin adhesion. As it was
not technically feasible to perform such experiments on single UHMW PE filaments due to the low
concentration of groups on the surface as well as very low surface area to volume ratio, a set of
chemical reactions was carried out with model compounds representative of the chemistry of the
oxidized UHMW PE fiber surface. The model compounds were mixed homogenously with the resin.
Dodecyl derivatives with hydroxyl (1a), carbonyl (2a) and carboxyl (3a) terminal groups are shown
in Figure 4.16, respectively.
Near-infrared (NIR) spectroscopy was used to understand how functional groups interact with
the epoxy system. NIR spectroscopy has been utilized countless times to study the cure kinetics of
epoxy-amine systems by monitoring the change in the epoxy and the amine peak at 4530 and 6509
cm−1 [23, 24] shown in Figure 4.17. A 50:50 wt% mixture of the dodecyl derivatives based on XPS
relative concentrations to the EPON 828/PACM system was used. The mixture was transferred to a
glass tube (O.D. = 1.70 mm, I.D. = 1.60 mm) sample holder; the I.D. is important as it corresponds
to the pathlength. Spectra of samples corresponding to each treatment times were taken before
and after the cure cycle. The cure schedule applied to the samples is as follows: (i) overnight room
temperature cure, (ii) 80◦C for 2 hrs, and (iii) post-cure of 112◦C for 2 hrs. Monitoring the hydroxyl
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Figure 4.15: Possible reactions of plasma-treated UHMW PE fiber surface functionalities, (a)
hydroxyl, (b) carbonyl, and (c) carboxyl groups with epoxy/amine system yielding (d) an ether
linkage, (e) imine, and (d) ester linkage.
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Figure 4.16: Potential reaction schemes of dodecyl derivatives with functional group linkages -
dodecanol (1a), dodecanone (2a), and dodecanoic acid (3a) with EPON 828 and PACM.
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group reactions is not feasible as the reaction between the epoxy and the amine hardener yields
hydroxyl groups. As a result, it is difficult to distinguish hydroxyls associated with the epoxy-amine
reaction and the hydroxyl containing-dodecyl derivative. So, NIR studies were used to determine the
epoxy conversion using the 4530 cm−1 peak in the presence of the small molecule analogs.
Studies were performed on samples consisting of only the dodecyl derivatives with EPON 828 and
similarly with that of the PACM-20 amine hardener. NIR show that the functional groups directly
react with the epoxy and do not react with the amine hardener. Results from the study are shown in
Figure 4.18. Epoxy conversions ranging from 3.7-8.4% were measured, where the highest conversion
was seen with the surface concentration of functional groups characteristic of a 6 minute plasma
treatment.
To better monitor the reactivity of functional groups, specifically the hydroxyl group, with
the epoxy-amine system, mid-FTIR studies were performed. The degree of conversion of hydroxy,
carboxyl, and carbonyl peaks were monitored for a mixture of compounds 1a, 2a and 3a. These
compounds were mixed in the same molar ratio corresponding to relative concentrations obtained from
XPS data of modified fiber surfaces and combined with epoxy/amine. The mixture was subjected to
the same cure conditions used in Near-IR studies. Representative mid-FTIR spectra for initial and
cured mixtures are shown in Figures 4.19 - 4.21.
Several observations can be made by examining the as-mixed and cured mixture FT-IR spectra.
First, the epoxide group absorption peak at 916 cm−1 does not appear in the cured mixture spectrum,
indicating a complete epoxy conversion. Second, the absorption band for the C=O group at 1715
cm−1 remains unchanged throughout the cure process, suggesting that the carbonyl moiety does not
participate in formation of interfacial covalent bonds; therefore, the conversion coefficient for the
carbonyl surface derivative in reaction with the plasma treated UHMW PE fibers and epoxy/amine
resin can be assumed to be 0. In amine-containing media, the carboxyl mostly exists in a deprotonated
form as ammonium salt exhibiting a vibration at 1652 cm−1, which disappears completely after
the cure process upon converting into the ester derivative with a shoulder absorption at 1733 cm−1
absent in the initial spectrum. No other absorptions associated with carboxyl group were found in the
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Figure 4.17: Near-FTIR scans of EPON 828/PACM-20 at different stages of cure: (I) as-
prepared (–), (II) RT cure (–), (III) 80◦C, 2h (–), and (IV) 112◦C, 2h (–) displaying (a) hydroxyl
and 1◦ and 2◦ amine peaks and (b) epoxy and primary amine peaks.
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Figure 4.18: Fractional conversion of epoxy in EPON 828 reacting with the dodecyl derivatives
representative of functional group concentrations at specific treatment times monitored at the
4530 cm−1.
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Figure 4.19: Mid-IR spectra of dodecyl derivatives and epoxy-amine mixture (mixed at the
ratio corresponding to the 6 minute plasma-treated UHMW PE fiber obtained from XPS),
highlighting the 1800-1500 cm−1 region before and after cure. Peaks at 1715 and 1652 cm−1
show the existence of carbonyl and carboxyl groups, respectively.
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Figure 4.20: Mid-IR spectra of dodecyl derivatives and epoxy-amine mixture (mixed at the
ratio corresponding to the 6 minute plasma-treated UHMW PE fiber obtained from XPS),
highlighting the 1050-800 cm−1 region before and after cure. Peak at 916 cm−1 show the
disappearance of the epoxy ring.
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Figure 4.21: Mid-IR spectra of dodecyl derivatives and epoxy-amine mixture (mixed at the
ratio corresponding to the 6 minute plasma-treated UHMW PE fiber obtained from XPS),
highlighting the 3700-2900 cm−1 region before and after cure. Peaks at 3037 and 3059 cm−1
represent the α-methylene group adjacent to the hydroxyl group.
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FT-IR spectrum based on the comparison with FT-IR spectrum in the epoxy-amine media. Hence,
it appears that carboxylic acid groups are completely reacted with epoxies and that a conversion
coefficient for the carboxyl surface derivative can be assumed to be 1.
Finally, the conversion of the hydroxyl moiety was found to be dependent on the relative
concentrations of other functional groups in the reaction mixture. As the absorbance for hydroxyl
functionality overlaps with the amino and newly formed hydroxyl groups arising from the epoxide
ring opening during polymerizations, the hydroxyl-containing dodecyl derivative was identified by
α-methylene group -CH2OH adjacent to hydroxyl group resonating with two C-H absorption bands
at 3037 cm−1 and 3059 cm−1 due to the C2v motion symmetry. The overlapping region between
2900 cm−1 to 3600 cm−1 was then deconvoluted using the Peakfit 4.12 software to obtain more
accurate conversion numbers. The conversion coefficients obtained for the hydroxyl bearing groups
are summarized in the Table 4.2.
From the data presented in Table 4.2, the fractional conversion of the hydroxyl derivative starts
as low as 0.13 for the untreated sample, followed by a steady increase between the 2 to 6 minutes
plasma exposure up to 0.74 for the 6 minutes plasma-treated sample. From this point onward the
degree of conversion declines to 0.28 for the sample exposed for 10 minutes. Based on these findings,
the concentration of hydroxyl group expected to be covalently bound to the matrix would be the
factional conversion, xOH , of OH multiplied by the initial concentration of hydroxyl group, [OH]0.
These values are also summarized in Table 4.2. Moreover, since all -COOH groups in the model
compound studies were found to react, and none of the carbonyl were found to react, the total
concentration of surface sites covalently bound to the matrix, [Total], is predicted to be the sum of
initial COOH concentration, [-COOH]0, and the faction of OH group (i.e. xOH [OH]). This sum is
given in Table 4.2 for all plasma treatment condition in the column titled predicted concentration of
covalently bound surface sites. Figure 4.22 is a plot of the predicted concentration of surface sites
bound covalently to the matrix. The values are normalized so that the total atomic concentration is
100.
The total concentration of surface groups covalently bound to the matrix grows fifteen fold from
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Table 4.2: Relative concentrations of dodecyl derivative mixtures corresponding to functional
group yield at different treatment times used to determine mid-IR fractional conversions of
hydroxyl, carbonyl, and carboxyl-related peaks. Conversion of carboxyl groups was found to be 1
and conversions of -OH are presented. Both values used to calculated the predicted concentration
of covalently bound surface sites.
Predicted
Relative Surface Group Concentration normilized

















0 4.20±0.69 - - 0.13±0.02 0.55±0.09
2 22.13±5.16 7.07±5.85 3.42±1.64 0.26±0.03 9.17±1.25
4 19.14±3.31 7.28±5.69 3.88±4.48 0.46±0.03 12.68±1.46
6 20.71±2.85 2.85±1.18 5.63±1.65 0.74±0.05 21.00±1.85
8 19.99±2.86 5.46±0.98 6.27±1.50 0.51±0.04 16.46±1.84
10 19.43±1.51 9.31±6.44 7.22±1.46 0.28±0.03 12.66±1.60
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Figure 4.22: Predicted concentration of covalently bound surface sites normalized to the total
surface atomic species determined by Mid-IR studies.
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an untreated sample to the 2 minutes plasma exposed fiber; the growth trend continues to the 6
minutes plasma exposure sample. This is followed by a slight increase between samples treated
for 6 and 8 minutes, and then the predicted covalent coupling concentration declines despite the
overall increase of oxygen content on the surface. The lower conversion of -OH groups for the model
compound studies using 10 minute plasma surface composition is perhaps a result of increased
hydrogen bonding.
For the most part, the trend seen with the epoxy conversion of the EPON 828 and small molecule
analogs correlate well with that of the calculated predicted concentration of covalently bound sites.
Both studies suggest that the carboxyl and hydroxyl group concentrations play important roles in
promoting adhesion by reacting with the epoxy system, potentially affecting the overall adhesion at
the interface.
4.3.5 Interfacial Mechanical Properties
The mechanical characteristics of the interface in plasma treated UHMW PE/Epoxy composites have
been evaluated using on the microdroplet test technique (Figure 4.2). The values for the IFSS and
EA obtained through the microdroplet test data analysis [6] are summarized in the Table 4.3, and
values normalized to the untreated system for both parameters are shown in Figure 4.23.
In Figure 4.23, the IFSS increases from the untreated sample to the 6 minutes plasma treated,
reaching the highest IFSS value almost 4.5 times higher then that of the untreated PE surface. The
IFSS value decreases slightly from treatment times of 6 and 8 minute and is significatly lower for the
sample exposed to plasma for 10 minutes. The observed IFSS pattern follows the trend observed for
the predicted concentration of covalently bonded surface sites, the total surface group concentrations
of hydroxyl and carboxyl groups, and the epoxy surface reaction (Figure 4.22, Figure 4.14, and
Figure 4.18). This supports the claim that the interfacial strength in composite materials is primarily
governed by the degree of fiber-resin covalent bonding [25], which is proportional to the concentration
of reactive species on the fiber surface. More or less, the same pattern was observed for the EA in
UHMW PE/Epoxy composites; however, in this case a greater decline is seen for the 8 minutes plasma
treated sample relative to the sample treated for 6 minutes. To account for the EA trend, the surface
140
morphology should also be taken into consideration as being a significant contributor, especially
when considering the quasi-static sliding region, where the absorbed energy is solely controlled by
frictional forces. Also, the surface texture can contribute to the IFSS values through mechanical
interlocking at the interface [26] in addition to providing an increased surface area that functional
groups can occupy and come in contact with the resin system. Hence, the an investigation of surface
morphology of untreated and plasma treated UHMW PE fibers was undertaken.
4.3.6 Separating Chemical and Mechanical Contributions
The chemical contributions to improved interfacial strength have been established on the basis of
quantifying the absolute surface concentration of functional groups and correlating this data to IFSS
data. In order to evaluate the contribution of surface roughness to the interface properties in a
corresponding composite material, the surface morphology both the pre- and post-debonding regions
of a fiber should be taken into account. Figure 4.24 is a schematic representation of the pre- and
post-debonded regions.
As the microdroplet debonds, it creates additional surface texture in the post-debonding region
when compared to the initial pre-debonding roughness. When the droplet slides down during the
microdroplet experiment, it interacts with the surfaces at both regions. Hence, understanding the
role of surface texture for both pre-and post-debonding regions is important to estimate the overall
contribution of the fiber surface morphology. Fiber surface morphology and roughness were evaluated
by AFM. The root-mean-squared roughness (RMS) for all topographic profiles was obtained for at
least 5 different areas of both pre-and post-debonding regions. The data for pre- and post-debonding
regions are given in Table 4.4, and normalized values for both parameters are shown in Figure 4.26.
Representative AFM images are shown in Figure 4.25.
Based on results shown in Figure 4.26, the patterns for the pre- and post-debonding surface
roughness show the opposite trend. Thus, after the initial increase in roughness after 2 minutes
of plasma exposure, the pre-debonding roughness decreases, reaching its minimum value for the 6
minutes treated sample, whereupon it begins to grow. Such behavior could be explained by invoking
the core-shell type structure usually adopted by PE fibers [26]. We propose that after the initial
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Table 4.3: Measured interfacial properties - interfacial shear strength (IFSS) and energy
absorption of UHMW PE monofilaments treated with O2 plasma at different plasma exposure
times.








Table 4.4: Measured AFM roughness, RMS, of pre-debonded and post-debonded regions.
Plasma Exposure Pre-debonding RMS Post-debonding RMS








Figure 4.23: Normalized values of interfacial shear strength, IFSS () and energy absorption,
EA ()
143
Figure 4.24: Schematic representation of the pre-debonding and post-debonding regions used
to quantify contributions of mechanical interlocking.
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removal of the amorphous polymer layer, the overall roughness of the surface may indeed decline
until the active plasma species start to etch away the semi-crystalline core. This explains the growth
trend in the pre-debonding surface roughness at higher plasma exposure times. Conversely, the
post-debonding region surface roughness is mostly determined by the fiber-resin failure mechanism
and is more sensitive to the degree of fiber-resin adhesion, which is controlled by the degree of
covalent bonding between the fiber surface and the polymer matrix. Thus, the post-debonding
surface roughness pattern reflects the trend observed for the total effective concentrations of surface
functionalities.
After the initial plasma exposure, both pre- and post-debonding surface roughness demonstrates
c.a. 35% increase compared with the untreated surface. At the same time the predicted concentration
of covalently bound surface sites exhibits a fourteen-fold increase. Both surface morphology and
chemistry contribute synergistically to the increase in IFSS and EA. After 4 minutes of plasma
exposure, IFSS shows a small decrease compared to 2 minute while absorption energy continues
to grow. At the same time, the pre-debonding roughness drops slightly (Figure 4.26). However,
such small decline is offset by the increase of both the effective concentrations and post-debonding
roughness, giving rise to further increase in the absorbed energy. The next data point at the 6
minutes exposure exhibits the lowest pre-debonding region roughness; but at the same time the
presence of the highest total concentration of reactive surface groups leads to the highest fiber-resin
covalent bonding and the highest post-debonding surface roughness. Hence, both IFSS and EA
reach a maximum value after 6 minutes of plasma exposure (Figure 4.23). After 8 minutes of
plasma exposure, the total concentration of covalently bound sites still remains high, where the IFSS
essentially is unchanged. However, with the decline of the post-debonding surface roughness, there
is a significant drop in EA value. Furthermore, the total effective concentration decreases by 25%
for the 10 minutes plasma-treated fiber hence, the increase in both pre-and post-debonding surface
roughness does not compensate for the lack of fiber-resin interaction via covalent bonding (Figure
4.26).




Figure 4.25: AFM images of 5×5 µm scanned areas of UHMW PE monofilaments for a (a)
control, (b) 2 minute, (c) 4 minute, (d) 6 minute, (e) 8 minute, (f) 10 minute plasma-treated
surface. Vertical scale: 200 nm
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Figure 4.26: Normalized pre-debonding RMS () and post-debonding RMS () of oxygen
plasma-treated UHMW PE fiber before and after microdroplet testing.
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composite material, failure modes for each data point were studied by SEM microscopy. Selected
SEM images are presented in the Figure 4.27. From examination of the SEM images, it is clear
that at low -OH group effective concentrations, the roughness for both the pre- and post-debonding
regions are not significantly different, resulting in mostly adhesive interface failure (Figure 4.26)
ocurring without a significant change in surface texture. However, in the 6 minutes plasma-treated
sample, the highest value of the surface groups concentration creates the highest degree of fiber-resin
adhesion through covalent bonding. Upon debonding, the crack is now forced to propagate through
the more torturous path both through the interface and the resin, leading to the higher debonding
EA. Furthermore, such mixed adhesive/cohesive failure mode also leads to increased roughness in the
post-debonding region that contributes to the higher EA at the quasi-static sliding region through
increased frictional forces. Evidently, further exposure of UHMW PE monofilaments to plasma at
times of 8 and 10 minutes shifts the failure mechanism back to mostly the adhesive mode, with the
pre- and post-debonding surface roughness exhibiting no significant difference.
In summary, we have shown that there is a good correlation between interfacial properties of
a plasma-treated UHMW PE/Epoxy composite material, namely the IFSS and EA, and surface
chemical composition, reactivity, and morphology. Such fundamental correlation will allow performing
fiber surface oxidation by oxygen plasma in a controlled fashion to obtain a corresponding composite
material with a targeted combination of strength and energy absorption depending on a specific
application.
4.4 Summary
In this chapter, we demonstrated the existence of a fundamental correlation between mechanical
properties of the oxygen-plasma treated UHMW PE fiber/epoxy interface with that of the concentra-
tion of reactive surface species and surface morphology of UHMW PE fiber. Utilizing a single fiber
microdroplet pull-out test, a 3 to 4.6-fold (9.9-16.5 MPa) increase in the interfacial shear strength
was observed along with a 3-fold improvement in energy absorption. The relative concentrations of
the three major surface functionalities: hydroxyl, carbonyl and carboxyl were determined by XPS




Figure 4.27: SEM images of (a) after 2 minutes exposure, pre-debonding region; (b) after
2 minutes exposure, post-debonding region (mostly adhesive failure); (c) after 6 minutes ex-
posure, pre-debonding region; (d) after 6 minutes exposure, post-debonding region (mixed
adhesive/cohesive failure).
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acid-base titrations. Drawing from these measurements, we see that the combined concentration
of carboxyl and hydroxyl groups corresponding to different oxygen plasma treatment times exhibit
the same trend seen with IFSS and EA values from fiber pull-out tests. In addition to XPS and
acid-base titrations, a further examination of each groups’ reactivity to the epoxy-amine system,
EPON 828/PACM-20, by near and mid-FTIR techniques reveals that the carboxyl moiety participates
in covalent bonding with epoxy by 100%, the fractional conversion of hydroxyl groups depends on
the relative amounts of other functional groups, and the carbonyl group is unreactive to the resin
system. Results obtained from Near-IR studies support the claims drawn from Near-IR studies.
Calculated values of the predicted concentrations of covalently bound surface sites based on hydroxyl
and carboxyl groups also exhibit a good correlation with the IFSS. Relations observed from (1)
absolute surface concentration of functional groups and (2) reactivity studies of functional groups to
the epoxy system to improved interfacial mechanical properties collectively supports that covalently
bonding is the main contributing factor in the enhance fiber/epoxy interface.
The role of surface roughness and mechanical interlocking can be seen from energy absorption
mechanical data obtained through the microdroplet test technique, as well as the pre- and post-
debonding surface roughness determined by the AFM microscopy. Furthermore, at high concentrations
of covalently bound surface groups and high post-debonding surface roughness there is a failure
mode switch from predominantly adhesive to mixed adhesive/cohesive type, which suggests that the
propagation of the crack progresses through a more torturous path leading to the highest IFSS and
EA of the interface. Overall, the findings in this chapter significantly advance our understanding of
the UHMW PE fiber surface chemistry and morphology, and the way they translate into mechanical
properties of a corresponding composite material. Furthermore, the ability to separate chemical
and mechanical contributions of adhesion was established through the use of the microdroplet test
where chemical interactions between the fiber surface and the matrix were evaluated through IFSS
and mechanical interactions were gauged through energy absorption and changes in the surface
morphology before and after testing.
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Chapter 5: TAILORING COVALENT BONDING
5.1 Introduction
Experimental results in Chapter 4 have shown that covalent bonding between the fiber surface and
the epoxy is the dominant mechanism governing improved interfacial properties. This was confirmed
by the correlation seen between absolute concentration of functional groups obtained from titration
measurements and XPS analyses and interfacial shear strength. Having established this relationship,
we believe that the interfacial strength can be further improved by introducing functional groups that
react readily with epoxy in addition to plasma treatments. IR studies that modeled the reactivity of
functional groups to the epoxy system show that hydroxyls are the reaction-limiting species at the
surface. Hence, the focus of this study is to investigate methods that can convert hydroxyls into
moieties that readily react with epoxies. We hypothesize that by grafting groups that directly react
with the matrix, a further improvement in strength should be achieved.
It is well known that interfacial bonding can be improved using appropriate coupling agents and
sizing. Silane-based chemistry offers the capability to graft specific functional groups inherent in the
silane to obtain desired chemical reactivity in a system. These agents have been used extensively to
improve upon the fiber-matrix interface in composites. Early works have focused on using coupling
agents to enhance the bond strength between glass fiber and thermosetting matrix [1–6] and more
recently on organic fibers [7–10]. Various different silane coupling agents have been studied to
understand their effects on the formation of the interface and composite mechanical behavior. In
addition to the type of coupling agent, several factors such as silane concentration, pH, hydrolysis and
condensation steps have been found to influence the structure of the silane network and subsequently




3-Glycidoxylpropyl trimethoxysilane (ACS Reagent), acetic acid, sodium hydroxide (0.1 N) in
methanol, hydrochloric acid (37%), 1,4-dioxane, and cresol red indicator were acquired and used as
received from Sigma-Aldrich. Phenyl glycidyl ether (PGE, Sigma-Aldrich), a low viscosity diglycidyl
ether of bisphenol A (EPON 828, Miller-Stephenson) and 4,4’-diaminodicyclohexyl methane (PACM-
20, Air Products) were used to perform microdroplet tests.
5.2.2 Silane Grafting
A silane coupling agent, 3-glycidoxylpropyl trimethoxysilane (GPS) was used to graft epoxy groups
onto the surface of O2 plasma-treated UHMW PE fibers. The reaction scheme used to graft GPS
onto the fiber surface is shown in Figure 5.1. A selective method designed to chemically bond a single
moiety of GPS was used in order to avoid the formation of a thick crosslinked siloxane network or
film-like coating. Through grafting, the end-result is to functionalize hydroxyl groups on the surface
of plasma-treated fibers with epoxy groups and in order to ensure achieve this, several provisions in
the wet chemistry were made.
A low loading of GPS, 0.1wt% GPS solution was used to avert the formation of a siloxane
crosslinked network on the surface of UHMW PE fibers. Sever et al. [11, 12] investigated the effects
of GPS concentration to the improvement in ILSS and found that low loadings of the coupling
agent (0.5wt %) yielded the best mechanical properties, a 59% increase in ILSS in glass fiber/epoxy
composites. Like all silane coupling agents, several steps are involved prior to the formation of a
covalently bond grafted functional group. The first step entails the hydrolysis of the methoxy groups
to hydroxyl groups. To prevent crosslinking between silanol oligomers, the hydrolysis of the methoxy
groups was controlled by the amount of water used. Ethanol/water mixtures were used where the
water content was limited to ensure incomplete hydrolysis of methoxy groups (1 mole of GPS to 1 -2
moles of water) and the pH was adjusted to 4.0-5.0 using acetic acid. Partial hydrolysis, following
condensation of the silanol with the surface hydroxyl is assumed to occur. Fibers were immersed in
the solution for 15 minutes and later removed and air dried at room temperature. The fibers were
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Figure 5.1: Proposed Grafting Scheme used to affix epoxy groups on the surface of plasma-
treated UHMW PE fiber using GPS where individual silanol groups are desired to reactive with
hydroxyl groups rather than forming a polysiloxane network.
then dried in the oven at 100◦C for 1 hour. Afterwards, fibers were rinsed in ethanol to remove
physisorbed or residual silane oligomers present on the grafted surface.
5.2.3 Thermogravimetric Analysis
A TA Instrument Q50 TGA was used to measure the amount of GPS grafted on the surface of
UHMW PE fibers. Approximately 10 mg of silane-grafted UHMW PE fibers were used. Fibers were
heated to 800◦C in N2 flow at a rate of 10◦C/min. Crosslinked siloxanes are stable at a temperature
of 800◦C but UHMW PE and oligomeric siloxane chains decompose at much lower temperatures.
The weight remaining at 800◦C was taken as the weight of GPS grafted onto the surface.
5.2.4 Chemical Surface Characterization
ATR-FTIR was used to analyze the surface composition before and after grafting treatments. The
details of this experimental method can be found in Chapter 3.
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5.2.5 Epoxy Group Titration
The concentration of surface-bound epoxy groups was determined using a HCl-dioxane titration
method [13]. A 0.2 N solution of hydrochloric acid in 1,4-dioxane was prepared by pipetting 1.6 mL
of concentrated HCl into 100 mL of 1,4-dioxane. A cresol red indicator solution was prepared by
adding 0.1 g of cresol red sodium salt to a 100 mL solution of 50% by volume ethanol/water mixture.
The titration was performed as follows. Approximately 1.0 g of the epoxy functionalized fiber was
placed in a 100 mL Erlenmeyer flask. 10 mL of the HCl-dioxane solution was transferred using a
pipette into the flask. The fiber in the solution was mixed for 12 hours to ensure complete reaction
of the epoxy groups. Ethanol (25 mL) and 5 mL of the cresol indicator solution were added to the
flask and the red solution was titrated with 0.1 M sodium hydroxide solution (in methanol) until the
sample turned bright yellow. A blank was run in absence of the fibers to determine the normality of












where m is the mass of epoxy functionalized fibers in grams, VNaOH(blank) and VNaOH are the volume
of NaOH in milliliters used to titrate the blank and the sample, respectively.
5.2.6 Single-Fiber Microdroplet Pull-Out Test
The single fiber microdroplet test was used to measure the interfacial shear strength at the fiber-matrix
interface. The experimental procedure associated with this test can be found in Chapter 4.
5.2.7 Synthesis of Tg-Modified Epoxy System
The epoxy system used to measure the interfacial shear strength from the single fiber microdroplet
test is a Tg-modified epoxy/amine system. The glass temperature (Tg) of the EPON 828/PACM-20
system was reduced by adding phenyl glycidyl ether (PGE), a monofunctional epoxy system in order
to control the degree of crosslinking. Doing so provided an epoxy system that can be cured at lower
temperatures sustainable to the fiber. The Tg-modified epoxy system was synthesized accordlingly
to the procedure found in [14]. The EPON828/PGE/PACM system was prepared by mixing 0.6 g of
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EPON 828 and 0.426 g of PGE with a stoichiometric amount of PACM-20 (0.304 g). Full reaction of
the epoxy system was achieved by curing at 60◦C for 2 hours and post-curing at 90◦C for 2 hours.
5.3 Results and Discussion
5.3.1 Selective Grafting of Surface
Typically with methoxy-based silane coupling agents, the methoxy groups bonded to the Si are lost
in the presence of water through hydrolysis, forming methanol and silanols. Silanols can condense
easily with each other or with other hydroxyl group attached to another Si atom or a surface, to form
siloxane (Si-O-Si) linkages. To selectively graft epoxy groups on the surface of O2 plasma-treated
surfaces, two main parameters in the grafting chemistry of GPS were manipulated. Factors such as
silane concentration [15], pH and the amount of water in the solvent [16] can affect the competition
between hydrolysis and condensation. Therefore, the tethering of a partially hydroxylzed trimethoxy
on the surface of plasma-treated UHMW PE fiber can be accomplished by using low concentration of
GPS in addition to limiting the step-wise hydrolysis of GPS through water content.
Selective grafting of epoxy groups using GPS were explored using UHMW PE films and validated
through ATR-FTIR. Figure 5.2 are spectra that were taken of (i) UHMW PE film after O2 plasma-
treated and (ii) plasma-treated film after grafting of GPS. The spectra of the GPS reacted surface show
5 new peaks at 850, 903, 1013, 1082, and 1198 cm−1 corresponding to the symmetrical stretching band
of Si-O-C, ring vibration of epoxy, anti-symmetrical stretching of Si-O-Si, asymmetrical stretching
of Si-O-C, and non-hydrolyzed Si-O-CH3 end group, respectively. ATR-FTIR confirms that the
methodology used was successful in yielding non-hydrolyzed methoxy groups and epoxy bearing
groups however, the existence of the Si-O-Si bond also shows that crosslinking of silanols are present
and/or that side reactions involving the condensation of silanol into dimers or trimmers occur [16, 17].
Spectra associated with the grafting of GPS onto different plasma-treated films showed some variances
in the peak height of the epoxy group and the silane-containing groups indicating different extent of
reaction between the surface and the coupling agent.
To ensure that the formation of a thick siloxane layer was avoided, the grafting yield was
determined for GPS-treated films corresponding to different plasma treatment times. The TGA
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Figure 5.2: ATR-FTIR spectra of the surface of UHMW PE film after 2 minutes of O2 plasma
treatment and of the plasma-treated surface after grafting with GPS. The appearance of 5 new
peaks confirms the existence of Si-bound groups.
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was used to determine the char yield by obtaining weight loss values of films that were thermally
degraded. Any residual weight remaining corresponds to the polysiloxane formed on the surface. The
char yield is directly related to the grafting yield of the silane coupling agent. The results attained
from char yield data suggests that a siloxane network was not formed on the surface as the weight loss
measured for each sample was found to be 100%. This data validates that the grafting methodology
used yields grafted surfaces with epoxy functional groups bound onto single hydroxyl surface sites.
ATR-FTIR analyses of GPS-grafted surfaces confirmed the presence of epoxy groups on the
surface at various concentrations. This observation was made based on the intensity of the epoxy peak
seen for different samples. To obtain absolute concentration of epoxy groups on the surface, acid-base
titrations were used. In theory, the amount of epoxy groups grafted on the surface of plasma-treated
UHMW PE fibers should correspond to or range close to that of the surface concentration of hydroxyls
determined in Chapter 4. The results of epoxy group titrations are presented in Figure 5.3. Values
of epoxy content with respect to treatment time were compared to surface hydroxyl concentrations
that were found in Chapter 4. Overall, the measured concentrations of epoxy group follows the trend
found in the concentrations of hydroxyl on the surface.
5.3.2 Relating Covalent Bonding to Interfacial Strength
To evaluate the effects of covalent bonding on interfacial shear strength, the single fiber microdroplet
test was used. The IFSS of O2 plasma-treated fibers and fibers grafted with epoxy groups are
compared in Figure 5.4. Results show that further improvement in IFSS are achieved after grafting
epoxy groups, where an 8-38% increase is seen. To better assess the relationship between covalent
bonding and interfacial shear strength, IFSS data was plotted as a function of total available covalent
bonding site seen in Figure 5.5. The total available covalent bonding sites correspond to the total
number of reactive groups associated with each sample set. So, covalent bonding sites associated
with O2 plasma-treated fibers include carboxyl and hydroxyl surface sites and covalent bonding
sites associated with plasma-treated fibers grafted with epoxy groups include carboxyl and epoxy
surface sites. These results show that interfacial shear strength is driven by the number of functional
groups or covalent bonding sites available on the fiber surface. The observable trend shows that as
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Figure 5.3: Calculated epoxy content (#) plotted alongside with absolute surface concentrations
of hydroxyl groups () determined from acid-base titrations.
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the concentration of reactive groups increases, so does the IFSS. However, when applying a linear
regression to the IFSS data, a statistical dispersion is seen between the two data sets where a trend
line can be fitted to data points corresponding to fibers treated with O2 plasma and another to data
points corresponding to plasma-treated grafted fibers (Figure 5.5).
To minimize the statistical variation of IFSS values associated with O2 plasma-treated samples
and the epoxy-grafted samples, the fractional conversion of hydroxyl groups determined from Mid-IR
studies in Chapter 4 were taken into account to determine correct concentrations of covalent bonding
sites associated with O2 plasma-treated fibers. Figure 5.6 shows the adjusted values of covalent
bonding sites and their corresponding IFSS plotted together with the data set of epoxy-grafted
samples. Here, the IFSS data points representing O2 plasma-treated fibers line up better with those
of the epoxy-grafted samples after correcting the concentration of hydroxyl groups. Covalent bonding
sites and IFSS values of O2 plasma-treated fibers and plasma-treated epoxy-grafted fibers are given
in Tables 5.1 and 5.2. The trend shown through IFSS values and the number of covalent bonding
site data adds additional merit to what was previously claimed in Chapter 4.
5.4 Summary
In summary, the work presented in this chapter accomplished two aims. Firstly, a method was devised
to control the grafting of silane coupling agent to the surface. This was confirmed through ATR-FTIR,
thermal analysis and titration studies. The epoxy content measured by titration complemented
hydroxyl concentrations from previous studies. Secondly, we were able to corroborate our assertion
of covalent bonding to interfacial strength. IFSS results associated with the concentration of reactive
surface groups show that strength is governed by covalent bonding between the fiber surface and
bulk matrix. This study shows that the interfacial strength can be tailored accordingly through the
addition of functional groups in fiber based polymer composites for specific mechanical response.
Furthermore, results gathered can be applied to predictively determine the IFSS upon knowing the
concentration of surface groups present.
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Figure 5.4: Measured interfacial shear strength (IFSS) of UHMW PE fibers after O2 plasma
treatments () at different treatment times and of UHMW PE fibers grafted with epoxy groups
(). IFSS is plotted as a function of plasma treatment time.
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Figure 5.5: Interfacial shear strength as a function of covalent bonding sites. Covalent bonding
sites corresponding to O2 plasma-treated UHMW PE fibers (#) and UHMW PE fibers grafted
with epoxy groups (). Covalent bonding sites of O2 plasma-treated fibers include hydroxyls
and carboxyl groups and covalent bonding sites of fibers that have been subjected to epoxy
grafting include carboxyl and epoxy groups.
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Figure 5.6: Interfacial shear strength data as a function of covalent bonding sites.
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Table 5.1: Tabulated values of surface covalent bonding sites - hydroxy and carboxyl groups of
O2 plasma-treated UHMW PE fibers and corresponding interfacial shear strength measurements.
Treatment Hydroxyl Covalent Bonding Surface Sites IFSS
Time Fractional (groups per 100 nm2)
minutes Conversion hydroxyl corr. hydroxyl carboxyl total MPa
0 0.13±0.02 3.45±1.07 0.45±1.03 0.00±0.00 0.45±1.03 4.05±1.64
2 0.26±0.03 34.47±1.02 8.96±0.01 5.33±0.13 14.29±1.02 11.64±2.63
4 0.46±0.03 58.34±1.01 26.84±0.04 11.82±0.80 38.65±1.01 9.20±4.22
6 0.74±0.05 59.96±1.01 44.37±0.05 16.30±0.15 60.67±1.03 16.04±1.64
8 0.51±0.04 47.47±1.01 24.21±3.03 14.90±0.26 39.11±1.01 10.95±2.61
10 0.28±0.03 42.92±1.04 12.02±1.06 15.94±1.05 27.96±1.06 15.59±3.16
Table 5.2: Tabulated values of surface covalent bonding sites - carboxyl and epoxy groups
of plasma-treated epoxy-functionalized UHMW PE fibers and corresponding interfacial shear
strength measurements.
Treatment Covalent Bonding Surface Sites Total Covalent IFSS
Time (groups per 100 nm2) Surface Sites
minutes carboxyl epoxy (groups per 100 nm2) MPa
0 0.00±0.00 1.80±0.00 1.89±0.00 3.62±1.68
2 5.33±0.13 27.64±5.89 32.97±4.16 12.67±1.15
4 11.82±0.80 45.38±7.96 57.19±5.63 13.71±2.30
6 16.30±0.15 74.87±6.83 91.16±4.83 21.39±1.28
8 14.90±0.26 53.20±5.69 68.10±4.02 17.55±4.54
10 15.94±0.15 38.23±6.26 54.17±4.43 11.64±3.16
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Chapter 6: SUMMARY, CONCLUSIONS, AND FUTURE WORK
6.1 Summary
The main emphasis of this work has focused on improving the interfacial properties in fiber-reinforced
composites by tailoring the adhesion at the fiber-matrix interface. Three different studies stemmed
from this research goal. The first study concentrated on the use of an atmospheric pressure dielectric
barrier discharge plasma, where efforts consisted of establishing and understanding the operating
characteristics of the reactor and the chemistry of the plasma. The second study sought out to
identify the changes in the surface properties of UHMW PE after treatments and based on this
assessment optimum plasma treatment conditions were identified. The last study aimed at studying
the fiber-matrix interface using a micromechanical test to elucidate the mechanism governing the
fiber-matrix interfacial response. A brief summary of the work performed in each chapter is presented
along with key findings.
Based on our understanding from literature, plasma surface treatments can be effected by the
plasma generated by the plasma apparatus and the power source used to ignite the plasma and
furthermore by conditions used to carry out the treatment, such as treatment time, power, gas
flow-rate, and the gas medium. Chapter 2 evaluated the DBD plasma reactor using several different
techniques. These techniques established the electrical parameters associated with the microsecond
pulse power supply and reactor such as the amount of power (voltage and current) dissipated in
the plasma, operating frequency and characteristics properties of the pulses generated. Treatments
performed with the reactor consisted of using different treatment conditions by varying the following
parameters: plasma gas (N2 vs. O2), gas flow-rates (high vs. low), and treatment times (short vs.
long). Measurements were taken to investigate the effects brought about through the application of
these parameters. Since we are interested in the chemistry of the plasma, optical emission spectroscopy
(OES) was used to identify and quantify relative concentrations of excited species in the plasma. The
electron temperatures, a key parameter tied to different elementary processes in the plasma and gas
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temperature were calculated. Based on diagnostics perform on the reactor and plasma, we see that
different conditions and plasmas can yield different treatments.
Chapter 3 further examined these disparities in plasma treatments (that varied in treatment
time, gas flow-rate and plasma gas) through different surface analytical techniques. Also, surveying
different conditions through treatments served as a means of determining optimum parameters based
on specificity of functional groups and their uptake. Experimental techniques looked at changes in
the physical (morphology) and chemical (surface groups) properties of the film after treatment. As
suggested previously from plasma diagnostics, differences were observed.
Chapter 4 examined the effects of plasma-induced surface properties to interfacial properties.
One set of plasma conditions was chosen and applied to UHMW PE fibers. These fibers, along
with a commercial epoxy were used to conduct interfacial model studies through the use of the
single fiber microdroplet test. Fibers were characterized once again for changes in topography and
morphology and to obtain surface concentration titration combined with XPS relative concentrations
were used to calculate absolute surface concentration of all functional groups. Interfacial properties
were assessed by measuring the interfacial shear strength and energy absorption and a global increase
was observed. These results prompted further studies presented in Chapter ?? to look at secondary
surface modification methods. Silane coupling agents were used to graft epoxy groups as these groups
react readily with the epoxy-amine system. Through these studies, a fundament understanding was
obtained through a correlation between interfacial properties and surface properties.
6.2 Conclusions
From this work, several conclusions have been made based on observations drawn from experimental
results presented in each chapter. Plasma Diagnostics. As plasma sources vary from reactor to
reactor, it is imperative to characterize the system to identify basic parameters such as power (energy
dissipated in the plasma), pulse duration and repetition rate and current. The DBD reactor equipped
with the microsecond pulse power supply was found to have the following electrical parameters: (i)
power of 14.7 Watts, (ii) peak-to-peak voltages of 15 kV, (iii) pulse durations of 55-60 µs for the
entire pulse and 5 µs for the main pulse, and (iv) an operating frequency of 160 Hz. In addition to
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electrical parameters associated with the DBD reactor, species in the plasma were identified and
found to comprise mainly of molecular N2 excited species in N2 plasma and in lower flow-rates of
O2 plasma and atomic oxygen in O2. The gas flow-rate was found to influence the concentration of
excited species in the plasma and the temperatures (electron and gas). From this we can conclude
that (1) different plasma behavior suggests that N2 and O2 will yield different surface treatments
and (2) based on the characteristics of the plasma, the dielectric barrier discharge (DBD) plasma
reactor is a weakly ionized gas non-thermal plasma. Plasma Surface Treatments. Surface analyses
show that different plasma conditions - gases, gas flow-rate and treatment times affect the resulting
surface chemistry and changes in surface morphology. In general, with all treatments the following
were observed:
 Improved wettability was seen in all treatments and with longer treatment, the wettability
increased as indicated by a 2-fold decrease in contact angle. As wettability increased, as did
the surface free energy. The increase in surface energy was largely attributed to the increase in
polar forces (150-fold) however a 15-25% decrease in the dispersive forces was seen as well.
 Changes in surface morphology were found in the form of surface roughening and the inclusion
of micro- and nano-depressions. Longer exposure to the N2 and O2 plasma resulted in rougher
surfaces due to the etching behavior of the plasma particularly in amorphous regions. This a
recurring process as monolayers of the surface are etched away exposing a new monolayer and
the cycle repeats.
 In the specific case of N2 plasma, nitrogen-containing species, amines and amides, were found
only when higher flow-rates ranging from 1-10 SLPM were utilized. The uptake of these
groups depended on the treatment time, where in the case of 1 SLPM, uptake of the nitrogen
groups increased gradually with longer exposures. At a flow-rate of 10 SLPM and at shorter
treatment times, the uptake of nitrogen is at its peak; with prolong exposure to the plasma,
the concentration of nitrogen-containing species decreases. This behavior can be a result of the
constant bombardment of electrons, ion and other energetic species and reaction of plasma-
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induced radicals with the surface. Regardless of N2 uptake, O2 groups are always present in
abundance in particular hydroxyls. The down-side with N2 plasma is poor repeatability and
the significantly large margin of error found in the compositional analysis.
 O2 plasma surface treatments mirrored those obtained from N2 however, the uptake of functional
groups were mainly that of oxidized species. Similarly from N2 treatments, treatment time
and gas flow-rate affected the uptake of specific oxidized groups and hydroxyls comprised
40-50Overall, through this study showed that atmospheric pressure DBD plasma was found to
is be a complementary alternative to its low-pressure plasma predecessor for modifying the
surface of polymers, such as ultra-high molecular weight polyethylene.
Interfacial Studies. A 4-fold and 3-fold improvement in IFSS and energy absorption, respectively
were observed in plasma-treated fibers. The trend with the increase in IFSS follows the same trend
seen with the total absolute concentration of carboxyl and hydroxyl groups. IR studies showed
preferential reaction of the epoxy-amine system to carboxyl groups while carbonyls did not react
at all. Hydroxyls were found to react with the epoxy system but to an extent based on fractional
conversion data. Based on these observations, we conclude that the increase in IFSS is driven
by covalent bonding. Energy absorption measurements were used to separate the contribution of
surface roughness/mechanical interlocking through AFM roughness measurements of pre-debonded
and post-debonded interfaces. The post-debonded interface with higher RMS values than their
respective pre-debonded sites signify mechanical interlocking. Extending this theory of covalent
bonding, grafting studies further supported this claim. Epoxy groups were successfully grafted onto
hydroxyl sites on the surface. Epoxy titrations show good agreement with hydroxyl groups determine
from titration and XPS measurements. IFSS measured with the twice-functionalized surface showed
further improvement. Furthermore, it was found that the total available covalent bound surface sites
obtained from O2-plasma treated fiber and twice-functionalized fibers directly affect IFSS, where
increase number of total available sites results in increased strength.
In summary this dissertation has advanced our knowledge and understanding of the role of fiber
surface properties and its influence on interfacial properties at the fiber-matrix interface. The major
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contributions of this research are (1) establishing that covalent bonding is the main contributor in
the increase in interfacial shear strength, (2) using the microdroplet test corroborated with AFM as
a means of separating the contribution of mechanical interlocking from covalent bonding, and (3)
further advancing the understanding of atmospheric pressure plasmas in the surface treatment of
polymeric materials.
6.3 Recommendation for Future Work
Recommendations for the future direction of this research are broken into three specific areas. The
first focuses on additional studies involving plasma surface treatments. The second involves the
continuation of the work done using secondary chemistries in addition to plasma surface treatments.
Lastly, modeling can be implemented in providing theoretical predictions of interfacial properties
with different fiber and matrices.
6.3.1 Uniform Plasma Surface Treatments
An inherent limitation associated with atmospheric pressure based plasmas is the non-uniformity in
treatment as a result of filamentary discharge. The uniformity in DBDs can be improved by increasing
the preionization of the gas or by shortening the voltage rise time prior to the formation of avalanches
during electrical breakdown. Methods to achieve the latter case can be achieved through the use of
high voltage nanosecond pulses which have been known to produce a glow-like discharge rather than
filamentary discharge. A DBD equipped with a nanosecond pulsed power supply can aid in producing
more controlled surfaces, i.e. specific functional groups and higher uptake of these functional groups.
This would facilitate in pursuing further studies looking at higher surface concentration of specific
functional groups and correlating this to interfacial strength.
6.3.2 Secondary Chemistry
The grafting experiment performed in this research was a rudimentary approach used to affix chemical
groups on the surface of plasma-treated fibers. A more refined procedure can be investigated and
formulated to control the hydrolysis and condensations steps when utilizing silane coupling agents in
order to achieve selective grafting of the coupling agent. Kinetics involved in these processes can be
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monitored during different times. In addition, a second grafting study can be implemented where a
mixture of coupling agents bearing a non-reactive functional groups in addition to a coupling agent
with functional groups that do react with the epoxy system is used to control the concentration
of reactive surface sites. Also, a more thorough characterization of the surface is needed where
techniques such as ellipsometry, AFM, and XPS can be used to further analyze the grafted surface.
6.3.3 Modeling of Covalent Bonding
Experimentally, covalent bonding was found to be the main mechanism in improved interfacial
properties. An atomistic-based modeling using molecular dynamics simulation can be applied to
predict interfacial properties arising from fiber functionalized with chemical groups capable of bonding
covalent with the matrix. The parameters associated with the functionalization achieved from plasma
treatments or grafting chemistries can be systematically varied by specifying the grafting density and
length of molecular chains covalently bonded to the fiber. These values can be obtained experimentally
and computationally, respectively. Different cases can be explored where (i) the composite consists
of only a fiber without surface treatment in the matrix and (ii) the fiber with functional group
covalently bound to the matrix, just to name a few. Clearly the modeling will entail much more
detail and assumptions regarding conditions associated with the interface, the micromechanics of
the different systems studied and so forth. Inevitably, the model will be compared to experimental





Appendix A: Surface Energy Calculations
A.1 Contact Angle Data
In order to calculate the surface energies - dispersive, polar, and total, contact angles measurements
obtained from three probe liquids are needed. Five measurements were taken and an average was
taken. This was done for UHMW PE films that were treated with O2 and N2 plasma with different
gas flow-rates and plasma treatment times. Measured contact angles are presented in Tables A.1 and
A.2.
A.2 Surface Free Energy Data
Each contact angle from Table A.1 and A.2 is plugged into:
Wa






)1/2 + (γpSV )
1/2 (A.1)
Three data points obtained from each probe liquid are plotted and a linear regression analysis
(Figure 3.3) was performed in order to obtain the slope and y-intercept, corresponding to the square
root of the dispersive (γdSV
1/2) and polar component (γpSV
1/2), respectively. The total surface energy,
γtotalSV is the sum of the polar and dispersive surface free energies. Tables A.3 and A.4.
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Table A.1: Measured contact angles of UHMW PE film treated with O2 plasma at various
treatment times and gas flow-rates using 3 probe liquids - deionized water, diiodomethane (DI),
and formamide (FA).
Gas Flow-Rate Treatment Time Probe Contact Angle
(SLPM) (minutes) Liquid (degrees)
control - water 94.89±2.54
control - DI 50.91±9.81
control - FA 72.26±9.43





































Table A.2: Measured contact angles of UHMW PE film treated with N2 plasma at various
treatment times and gas flow-rates using 3 probe liquids - deionized water, diiodomethane (DI),
and formamide (FA).
Gas Flow-Rate Treatment Time Probe Contact Angle
(SLPM) (minutes) Liquid (degrees)
control - water 94.89±2.54
control - DI 50.91±9.81
control - FA 72.26±9.43





































Table A.3: Calculated surface energies - dispersive ( γd). polar ( γp), and total ( γtotal) of O2
plasma-treated UHMW PE films determined from contact angle measurements presented in
Table A.1.
Gas Flow-Rate Treatment Time γd γp γtotal
(SLPM) (minutes) (mJ/m2) (mJ/m2) (mJ/m2)
control 39.86±0.50 0.13±0.5 39.99±0.5
0.1 1/2 34.73±1.81 14.09±1.59 48.82±0.36
1 33.56±0.92 16.31±1.27 49.87±1.23
3 31.10±1.74 22.15±1.51 53.25±0.50
5 30.35±1.81 22.90±3.19 53.25±1.56
1 1/2 36.47±2.82 11.84±4.16 48.31±1.56
1 33.18±4.18 13.92±4.79 47.10±2.53
3 30.54±2.83 18.99±4.21 49.53±2.60
5 31.35±2.72 20.22±4.30 51.57±2.41
10 1/2 37.79±2.22 11.07±1.42 48.86±1.25
1 36.02±1.92 13.12±2.12 49.14±0.80
3 36.03±0.97 16.94±0.85 52.97±0.92
5 34.72±2.32 16.91±2.52 51.63±0.78
Table A.4: Calculated surface energies - dispersive ( γd). polar ( γp), and total ( γtotal) of N2
plasma-treated UHMW PE films determined from contact angle measurements presented in
Table A.2.
Gas Flow-Rate Treatment Time γd γp γtotal
(SLPM) (minutes) (mJ/m2) (mJ/m2) (mJ/m2)
control 39.86±0.50 0.13±0.5 39.99±0.5
0.1 1/2 33.03±0.89 15.60±0.37 45.67±3.84
1 32.18±1.47 12.17±0.53 48.04±0.97
3 31.55±4.33 15.89±0.88 47.64±3.74
5 33.79±0.13 15.48±1.41 51.68±1.97
1 1/2 33.61±1.54 12.06±2.29 45.67±2.75
1 29.51±2.30 18.53±1.33 48.04±2.66
3 31.12±3.72 16.52±0.02 47.64±3.72
5 33.31±1.87 18.37±0.10 51.68±1.87
10 1/2 32.34±0.25 16.62±0.01 48.96±0.25
1 29.99±0.78 16.85±2.78 46.84±2.89
3 35.51±1.14 12.48±2.88 47.99±3.10
5 34.14±0.37 17.16±0.08 51.30±0.38
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Appendix B: X-Ray Photoelectron Spectroscopy (XPS) Data
B.1 XPS C 1s Peak-Fitted Curves
High resolution C 1s X-ray Photoelectron Spectroscopy (XPS) spectra were deconvoluted to determine
specific functional groups on the surface of plasma-treated UHMW PE. CasaXPS©, a spectral
processing software for XPS was utilized to carry out the peak-fitting task of UHMW PE films treated
under nitrogen and oxygen plasma at different gas flow-rates and treatment times. Deconvoluted C
1s peaks are shown in Figures B.1 - B.5.
Figure B.1: Deconvoluted high resolution C 1s spectra of UHMW PE films treated with N2
plasma with a gas flow-rate of 0.1 SLPM for (a) 30 seconds, (c) 1 minute, (d) 3 minutes and (e)
5 minutes.
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Figure B.2: Deconvoluted high resolution C 1s spectra of UHMW PE films treated with N2
plasma with a gas flow-rate of 1 SLPM for (a) 30 seconds, (c) 1 minute, (d) 3 minutes and (e) 5
minutes.
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Figure B.3: Deconvoluted high resolution C 1s spectra of UHMW PE films treated with N2
plasma with a gas flow-rate of 10 SLPM for (a) 30 seconds, (c) 1 minute, (d) 3 minutes and (e)
5 minutes.
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Figure B.4: Deconvoluted high resolution C 1s spectra of UHMW PE films treated with O2
plasma with a gas flow-rate of 1 SLPM for (a) 30 seconds, (c) 1 minute, (d) 3 minutes and (e) 5
minutes.
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Figure B.5: Deconvoluted high resolution C 1s spectra of UHMW PE films treated with O2
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